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Nearshore Marine Paleoenvironmental Reconstruction of Southwest 
Florida during the Pliocene and Pleistocene 
 
Jennifer Leigh Sliko 
Abstract 
Future climate change has been the subject of considerable speculation 
with scientists called upon to predict timing, magnitude, and impact of these 
changes.	  	  The Pliocene Warm Period serves as the best-available, pre-modern 
analog to predicted climate changes, and Pliocene climate anomalies are 
examined as possible scenarios for future climate change.  Comparing modern 
conditions to the mean climate state of the Pliocene is essential for better 
constrained predictions of future climate change, and seasonal 
paleoenvironmental records provide a data set more analogous to instrumental 
observations and thereby reducing the uncertainty in modeled climate changes. 
This study first examines the potential of large gastropod shells as a 
paleoclimate proxy.  Specimens of Busycon sinistrum, active in winter, and 
Fasciolaria tulipa, active in the summer, were collected alive from Tampa Bay 
and St. Joseph Bay in the hope of establishing a multi-year record of seasonality.  
The δ18O time series of each shell were compared with predicted δ18O, based on 
local marine temperature variations, and both species cease shell growth during 
the winter months, despite opposing seasons of feeding activity.  As none of the 
viii 
profiles provide information on winter environmental parameters, this 
sclerochronological system was replaced by work on pristine specimens of the 
scleractinian coral Siderastrea spp. 	  
Seasonal δ18O and Sr/Ca time series from two Pliocene corals, collected 
from the Lower Pinecrest Member of the Tamiami Formation in southwest 
Florida, were used to calculate seawater δ18O variations.  Inferred salinity in the 
Pliocene has a reversed seasonal pattern from that of modern annual salinity 
variations, and is interpreted to be a response to an increase in winter 
precipitation, a teleconnection of the Pliocene “Super El Niño.”  Concentrations of 
variance in the typical ENSO frequency band are not apparent above the 95% 
confidence interval, suggesting that the Pliocene was dominated by a perennial, 
rather than an intermittent, El Niño-like state. 
Further geochemical analyses from both Pliocene and Pleistocene 
Siderastrea spp. corals indicate a high nutrient nearshore marine environment in 
south Florida.  Marine phosphates, inferred from P/Ca analyses, were 
significantly higher in the Pliocene Tamiami Fm. than in the Early Pleistocene 
Caloosahatchee and Bermont Fms, and the decline in nutrients preceded local 
extinction by > 0.5 Ma.  Additionally, high-resolution P/Ca analyses of an 
individual coral reveal no evidence of seasonality required by a previously 
hypothesized upwelling-based nutrient delivery mechanism.  
The Pliocene nearshore marine environment in southwest Florida was 
characterized by higher nutrients than in the Pleistocene and precipitation 
patterns similar to modern El Niño teleconnections. 
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Chapter 1 
 
Introduction, Purpose, and Dissertation Organization 
 
 
 
1.1 Introduction 
Future climate change has been the subject of considerable speculation 
with scientists called upon to predict timing, magnitude, and impact of these 
changes.  The Intergovernmental Panel on Climate Change (IPCC) predicts an 
increase in average global surface air warming through the 21st century, which 
could create adverse effects such as extreme weather systems, sea-level rise, 
and migrating ecosystems (IPCC 2007).  Atmospheric greenhouse gasses are 
predicted to increase mean global temperatures, and forecasting how climate 
systems function with increased global temperatures is facilitated by examining 
how the Earth’s climate functioned during previous intervals of elevated mean 
global temperature (e.g. Robinson et al., 2008; Federov et al., 2010).  
Furthermore, the effects of climate change vary regionally, and future policy 
changes will require region-specific forecasts.  
In light of the recent decadal trend of global warming and rise in 
atmospheric CO2, the mid-Pliocene Warm Period (PWP; 3.0 – 3.3 Ma) serves as 
a pre-modern analog to predicted climate changes, and PWP climate anomalies 
are often examined as possible scenarios for future climate change (Molnar and 
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Cane, 2002; Ravelo et al., 2004, 2006; Federov et al., 2006, 2010; Robinson et 
al., 2008; Brierley et al., 2009; Haywood et al., 2009).  The Pliocene was 
approximately 2ºC to 3ºC warmer than today (Robinson et al., 2008), but global 
temperature distribution was different from the modern because northern high 
latitudes were warmer than today, while temperatures in the tropics were similar 
(Ravelo et al., 2004; Federov et al., 2006).  Additionally, northern hemisphere 
glaciers were significantly reduced and the Central American Seaway (CAS) was 
open, enabling equatorial Pacific-Atlantic Ocean exchange (Maier-Reimer et al., 
1990; Ravelo et al., 2004).  However, despite these differences, the Pliocene 
was remarkably similar to modern climate when compared to other geologically 
recent warm periods (such as the Eocene Thermal Maximum) in terms of the 
positions of the continents (Robinson, 2008), the thermal isolation of Antarctica 
(Zachos et al., 2001), and atmospheric CO2 concentrations (Haywood et al., 
2000, 2009).  These similarities enable the Pliocene to be a “possible, yet 
imperfect” analog for future global warming (Robinson et al., 2008, p. 501), but 
predictions about future climate change using PWP paleoclimate data must 
include estimations of sensitivity of regional teleconnections (environmental 
responses) to different boundary conditions.  Will various regions respond to 
global warming in the same manner despite the different boundary conditions 
between the Pliocene, Pleistocene, and modern?  High-resolution (seasonal) 
paleoclimate records provide a robust test of this question. 
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 In addition to warmer global mean temperature, a significant difference 
between the Pliocene and modern climate is the hypothesized lack of an east-
west temperature gradient in the equatorial Pacific Ocean, producing a 
permanent El Niño-like state (“super El Niño”) that dominated global climate 
during the PWP (Wara et al., 2005; Ravelo et al., 2006).  A growing body of 
research suggests that the tropics (rather than high latitudes) affect global 
climate (Ravelo et al., 2004), and many environmental patterns in the Pliocene 
that are different from the modern are similar to modern El Niño climate 
anomalies (Molnar and Cane, 2002, 2007).  
1.2 Research Purpose 
The purpose of this research is to compare Pliocene precipitation patterns 
in southwest Florida with the modern to identify possible Pliocene ENSO 
variability.  Additionally, this research examines nutrient patterns in the nearshore 
marine environment of southwest Florida through the Plio-Pleistocene transition 
in relation to existing diversity estimates in the Florida fossiliferous units.  In this 
series of studies, high-resolution regional climate variations interpreted from 
Pliocene and Pleistocene fossils exposed in Florida are examined and compared 
to modern climate.  Comparing modern conditions to the mean climate state of 
the Pliocene and Pleistocene is essential for better constrained predictions of 
future climate change, providing a data set more analogous to instrumental 
observations and thereby reducing the uncertainty in modeled climate sensitivity.   
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Previous research examining the paleoenvironmental conditions of the 
Florida Peninsula through ostracodes, pollen, and benthic foraminifera 
assemblages have established that the climate of Florida was cooler and 
possibly wetter than present during the early- to mid-Pliocene, and mean 
temperatures increased to modern values by the mid Pleistocene (Willard et al., 
1993).  While previous research has examined Pliocene temperature variations 
and general precipitation patterns, little is known about the seasonality of 
precipitation in the Pliocene and how it has changed through time.  Modern 
precipitation in Florida is divided into dry winter and wet summer seasons (Kelly 
and Gore, 2008).  Wetter conditions in the Pliocene could be the result of an 
increase in the amount and duration of summer precipitation, a slight decrease in 
summer precipitation coupled with an increase in winter precipitation, or an 
increase in both summer and winter precipitation.    
Warmer sea-surface temperatures during the Pliocene may have 
increased local thunderstorm activity over southwest Florida Peninsula, thus 
increasing summer precipitation and prolonging the wet season (Hine et al., 
2009).  However, this hypothesis contradicts previous research supporting cooler 
Pliocene temperatures in Florida (Willard et al., 1993).  Instead of an increase in 
summer precipitation as proposed by Hine et al. (2009), I propose a slight 
decrease in Pliocene summer precipitation coupled with an increase in winter 
precipitation, similar to climate anomalies observed in Florida during strong 
modern El Niño events.  This hypothesis is in accord with observed El Niño 
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climate anomalies in the Pliocene (Molnar and Cane, 2007).  A reconstruction of 
seasonal trends in precipitation provides a test of these contradicting ideas.  
Additionally, the Pliocene nearshore marine environment in Florida is 
assumed to have been nutrient-rich, followed by a decline in nutrients and thus 
productivity during the early Pleistocene (Allmon et al., 1996).  While previous 
studies have described nutrient fluctuations in broad, qualitative terms, this 
research quantitatively examines the evidence for nutrient decline as well as the 
seasonality of nutrient fluctuations in nearshore marine lagoonal environments of 
south Florida from the Pliocene.  This question is particularly significant because 
the putative decline in nutrients is thought to have been a possible driver of a 
regional extinction event in the Gulf of Mexico (Allmon et al., 1996) and 
Caribbean (O’dea et al., 2007). 
1.3 Methods of Testing the Problem – Dissertation Organization 
This research focuses on using fossil corals as seasonal salinity and 
nutrient proxies for a Pliocene paleoenvironmental reconstruction and as 
Pliocene and Pleistocene “bulk” nutrient proxies, examining trends in marine 
phosphate concentrations through the Plio-Pleistocene transition in southwest 
Florida.  The Florida shell beds, containing numerous well-preserved mollusks 
and a limited number of solitary and hermatypic corals, are an ideal system to 
provide paleoenvironmental reconstructions. 
Chapter 2 provides a brief review of modern precipitation, salinity, and 
nutrient patterns while also examining average climate conditions in Florida and 
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anomalies caused by several global phenomena.  This chapter also reviews the 
Florida Pliocene and Pleistocene fossiliferous beds.  Chapter 3 examines the 
potential of large gastropod shells as a paleoclimate proxy and describes how 
predation techniques affect shell growth and bias climate records.  Using live 
specimens collected from St. Joseph Bay and Tampa Bay in Florida (locations 
“A” and “B” in Figure 1.1), Chapter 3 examines the use of two predatory 
gastropod species for paleoenvironmental analysis.  This work represents early 
experimentation with a traditional isotope sclerochronological system that was 
ultimately replaced by work on pristine specimens of the scleractinian coral 
Siderastrea spp.  
Chapter 4 examines seasonal paleosalinity patterns in coral geochemical 
records from the Pliocene of Florida to test the presence of El Niño-like 
teleconnections in southwest Florida.  Scleractinian corals are commonly utilized 
in modern and historical environmental reconstructions as proxies for sea-
surface temperatures and salinities (e.g., Fairbanks and Dodge, 1979; Quinn et 
al., 1998; Linsley et al., 2000, 2006; Corrège, 2006).  Previously determined 
calibrations quantify the relationship between temperature and Sr/Ca variations 
in Siderastrea spp. coral skeletons and between temperature, oxygen isotope 
variations in seawater, and oxygen isotope variations in Siderastrea spp. coral 
skeletons (Moses et al., 2006; Maupin et al., 2008; DeLong et al., in prep).   
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Figure 1.1: Site location map.  Florida is situated in the southeast North American 
continent, between the Gulf of Mexico and the North Atlantic Ocean (adapted from 
Florida Center for Instructional Technology, USF, 2009). 
 
Using fossil Siderastrea spp. corals collected from the Richardson Road Shell Pit 
in southwest Florida (location “E” in Figure 1.1), Chapter 4 explores using these 
established proxies to determine Pliocene temperature and salinity patterns in 
southwest Florida, comparing them with modern El Niño teleconnection patterns.   
Chapter 5 examines the seasonality of Pliocene nutrient input and 
Pliocene to Pleistocene nutrient decline.  The seasonality data is used to test 
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hypotheses about possible modes of nutrient delivery to the nearshore marine 
system (e.g. upwelling, terrestrial runoff).  Additionally, “bulk” nutrient levels from 
Pliocene and Pleistocene lagoonal systems are compared to establish the timing 
of nutrient decrease.  The Pliocene corals used were collected from the 
Richardson Road Shell Pit (location “E” in Figure 1.1) and the Pleistocene corals 
were collected from the Cochran, Longan Lakes, Palm Beach Aggregates, and 
South Bay shell pits (locations “F,” “G,” “H,” and “I” in Figure 1.1).  Finally, 
estimations of marine phosphate levels in the Pliocene and Pleistocene lagoonal 
systems are compared with similar modern environments from southwest Florida. 
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Chapter 2 
 
Background: Florida Precipitation Patterns, Nearshore Marine Nutrients, 
and Plio-Pleistocene Fossiliferous Deposits 
 
 
 
2.1 Introduction 
This dissertation focuses on establishing high-resolution paleoclimate 
records for the Pliocene and Pleistocene nearshore marine environments of 
southwest Florida1.  Prior to examining climate (precipitation and nutrient) 
patterns in the Pliocene and Pleistocene fossil deposits in Florida, a review of 
those patterns in the modern environment is necessary to establish a baseline for 
comparison.  Additionally, I present a brief review of the nature of the Florida 
Pliocene and Pleistocene fossiliferous beds and previous paleoenvironmental 
reconstructions. 
2.2 Modern Florida Climate 
The Florida Peninsula north of Miami has a humid, subtropical climate, generally 
dominated by warm weather and summer-dominated precipitation.  The year is 
divided into the wet (June through September) and dry (October though May) 
seasons (Kelly and Gore, 2008), with ~60% of precipitation occurring during the  
 
1Recently, the boundary between the Pliocene and Pleistocene epochs has changed from 1.8 Ma 
to 2.58 Ma (Gibbard et al., 2010).  All references to the Pliocene and Pleistocene epochs herein 
correspond to the newly ratified division at 2.58 Ma.  
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four months of the wet season.  Additionally, statewide monthly precipitation and 
temperature, from the National Climatic Data Center (NCDC) of the National 
Oceanic and Atmospheric Administration (NOAA) (Figure 2.1a), are generally 
positively correlated.   
 
Figure 2.1a: Modern Florida statewide monthly precipitation (grey) and temperature (black) 
averages from 1950 – 2010, calculated by giving equal weight to stations within each climatic 
division.  Data provided by the National Climatic Data Center (NCDC) of the National Oceanic 
and Atmospheric Administration (NOAA). 
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Correlation coefficients are highest with no lag (r = 0.60), followed by a 1-month 
(r = 0.52) and 11-month lag (r = 0.52) (Figure 2.1b), demonstrating the 
synchronous relationship between warm temperatures and increased 
precipitation. 
 
Figure 2.1b: Lag correlations between Florida statewide monthly precipitation and temperature.  
Correlation coefficients (in upper right box) are highest with no lag, a 1-month or 11-month lag.  
High reversed coefficients, representing an inverse correlation, are present with the 5-, 6-, and 7-
month lag.  Data provided by the National Climatic Data Center (NCDC) of the National Oceanic 
and Atmospheric Administration (NOAA). 
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   Mimicking precipitation patterns, 60% of annual river flow in the Florida 
Peninsula (south of the Suwannee River) occurs between the four summer 
months of June through September (Kelly and Gore, 2008).  Flow peaks in the 
Myakka River (near Sarasota Florida in southwest Florida) at ~15 m3/sec, during 
mid-July, whereas January flow in the same river is ~2 m3/sec (Kelly and Gore, 
2008).    
Natural salinity patterns in the southwest Florida nearshore marine 
environments generally follow precipitation patterns, with the lowest salinity 
occurring during the summer (wet) season (Figure 2.2a).  However, unlike the 
relationship between precipitation and temperature, the inverse relationship 
between salinity and temperature is strongest (r = -0.47) when salinity is lagged 2 
months behind temperature (Lag-10 in Figure 2.2b).  The lowest marine salinity 
values are generally 2 months before the warmest temperatures, suggesting 
evaporation, along with precipitation, affect marine salinity in a complex 
relationship.  
16 
 
 
Figure 2.2a:  Modern temperature and salinity variations from the southwest Florida Gulf Coast.   
Rookery Bay sea surface temperature (SST) (black) and sea surface salinity (SSS) (grey) from 
1998 - 2010. (Data provided by Southeast Environmental Research Center Water Quality 
Monitoring Network; SERC-FIU.) 
 
Wet (summer) season precipitation is characterized by afternoon storms, 
which are driven by the localized high and low pressure zones over the sea and 
land, respectively (Duever et al., 1997).  Sea breeze circulation initiates 
convection, and the resulting thunderstorm activity is then amplified by 
downdrafts from the initial convection activity (Cooper et al., 1982).   
The warm water that drives the summer rainfall patterns is part of the 
Western Hemisphere Warm Pool (WHWP).  The WHWP is an area of surface 
water warmer than 28.5°C that includes the eastern North Pacific (near Central 
America), the Caribbean, the Gulf of Mexico, and the western Atlantic Ocean 
(Wang and Enfield, 2001).  The WHWP initiates in the spring (typically March) 
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Figure 2.2b: Lag correlations between Rookery Bay monthly temperature and salinity.  
Correlation coefficients (in upper right box) are strongest with a 4-month lag (positive relationship) 
and an 11-month lag (precipitation proceeding temperature by 2 months) (inverse relationship). 
(Data provided by SERC-FIU)  
 
and grows throughout the summer, with the largest extent of the pool apparent in 
August/September.  Its size decreases during the fall and usually disappears by 
December (Wang and Enfield, 2001). 
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2.3 Teleconnections in Modern Florida Climate 
The “normal” precipitation pattern in Florida is periodically altered by 
several global climate phenomena (explained in sections 1.4a through 1.4d) 
through teleconnections, which are “recurring and persistent large-scale 
pattern(s) of pressure and circulation anomalies that span vast geographical 
areas” (NOAA, 2010).  Teleconnections arise from interactions between 
atmospheric and oceanic systems on both regional and global scales, affecting 
wind convection, precipitation, storm tracks, and temperature.  For example, the 
mean temperature of the North Atlantic Ocean influences the drought potential of 
the mid-North American continent (Enfield et al., 2001).  In Florida, 
teleconnections and their influence on regional precipitation patterns are 
controlled by the Atlantic Multidecadal Oscillation (AMO) (Kelly and Gore, 2008), 
the North Atlantic Oscillation (NAO), the El Niño Southern Oscillation (ENSO) 
and the closely related Pacific/North American (PNA) teleconnection pattern, 
and, to a lesser extent, the Pacific Decadal Oscillation (PDO) (Hagemeyer 2006). 
2.3.1 The Atlantic Multidecadal Oscillation 
The Atlantic Multidecadal Oscillation (AMO) is a measurement of sea-
surface temperature (SST) anomalies in the North Atlantic Ocean (Kerr, 2000).  
The anomalies, which are divided into warm and cool phases, vary up to 0.4 °C 
from the mean (Enfield et al., 2001).  The historical record of the AMO, which 
extends back 146 years, shows a periodicity of ~70 years (~35-year cool phase 
followed by ~35-year warm phase) (Figure 2.3); however, when examined in pre-
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instrument proxy records, AMO periodicity varies between 60-110 years 
(Delworth and Mann, 2000; Kerr 2000; Enfield et al., 2001; Gray et al., 2004; 
Knight et al., 2006). 
 
Figure 2.3: Atlantic Multidecadal Oscillation and Palmer Drought Severity Index.  Atlantic 
Multidecadal Oscillation (AMO) timeseries from 1850 to 2010 (black line is a 2-year binomial filter) 
plotted with the Palmer Drought Severity Index (PDSI). Shaded grey bars represent the 1930’s 
(“Dustbowl”) and 1950’s periods of severe drought in central North America.(Data provided by 
Enfield et al., 2001 and NOAA.) 
 
20 
 
The AMO has been linked to precipitation anomalies across most of the 
northern hemisphere, including North America, Europe, China, and northern 
Africa (Enfield et al., 2001; Gray et al., 2004; Lu et al., 2007; Shaunglin and 
Bates, 2007).  During the warm (cool) phase of AMO, there is a decrease 
(increase) in precipitation in central North America and southern China, and an 
increase (decrease) in precipitation in peninsular Florida, the Sahel, and northern 
China.   
A negative correlation between precipitation and the AMO (warm AMO 
causing a decrease in precipitation) is extraordinarily expressed in Midwest and 
Southwest North America; for example, two of the most severe droughts there in 
the past century are associated with the previous warm phase of the AMO 
(shaded regions in Figure 2.3) (Enfield et al., 2001).  However, while this 
negative precipitation anomaly covers the entire Mississippi Valley, it only 
extends as far south as the Panhandle of Florida.  South of the Suwannee River, 
precipitation increases (and presumably local salinity decreases) during warm 
phases of the AMO, as measured by stream and river discharge from 1940 – 
1999 (Enfield et al., 2001; Kelly and Gore, 2008).   
Predicting shifts in AMO variability (from warm to cool phases) is difficult 
because multiple physical processes are identified as potential drivers of shifts in 
the AMO, including thermohaline circulation (THC) and the amount of sea ice 
and freshwater export from the Arctic to the North Atlantic Ocean (Dijkstra et al., 
2006; Dima and Lohmann, 2007).  An increase (decrease) in THC drives the 
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AMO to a warm (cool) phase, as more (less) of the warm Gulf Stream flows into 
the North Atlantic (Timmerman et al., 1998; Dia et al., 2005; Dima and Lohmann, 
2007).  Additionally, sea ice and the resulting freshwater export from the Arctic 
Ocean can reduce THC (Dima and Lohmann, 2007).  The relationships between 
drivers and AMO fluctuations are derived from instrumental data (Dima and 
Lohmann, 2007) and general climate models (GCM) (Dijkstra et al, 2006). 
The AMO and Pliocene Climate.  In the early Pliocene, THC would have 
been weaker than present, driving the AMO into a relatively cool phase 
(Haywood and Valdes, 2004).  In the mid-Pliocene, the closing of the Central 
American Seaway (CAS) intensified the Loop Current and the Gulf Stream, 
thereby intensifying THC in the NW Atlantic Ocean (Huag and Tiedmann, 1998; 
Billups et al 1999; Billups, 2002; Haywood and Vlades, 2004).  If the AMO is tied 
to THC, then the closing of the CAS and subsequent strengthening of THC 
should have instigated a modern “warmer” AMO, thus increasing precipitation in 
peninsular Florida.  THC variability is documented throughout the late Pliocene 
and Pleistocene through deep-sea sediments and foraminifera assemblages 
(Dirscoll and Haug, 1998; Haug and Tiedmann, 1998; Haywood et al., 2000), 
potentially causing AMO oscillations with 60-110 year periodicities similar to what 
is apparent in historic and proxy records.   
2.3.2 The North Atlantic Oscillation 
The North Atlantic Oscillation (NAO) is an index of variance between the 
low pressure zone centered over the Arctic and the high pressure zone over the 
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subtropical Atlantic (van Loon and Rogers, 1978; Hurrell, 1995; Hurrell and van 
Loon, 1997; Hurrell, 2003; Stenseth et al., 2003; Hagemeyer, 2006).  There is a 
15 mbar pressure difference between the subtropical Atlantic and the Arctic 
regions (Hurrell, 1995), and higher-than-normal pressures in the subtropical 
Atlantic combined with anomalously low pressures in the Arctic enhance the 
pressure gradient during a positive NAO.  A negative NAO represents a minimal 
gradient between the two pressure zones.  The modern instrument record 
extends back to 1864 (Figure 2.4) and shows 8-10 year periodicity in NAO 
oscillations (Hurrell et al., 2003).  Historical records, tree rings, and Greenland 
Ice core records, however, extend our understanding of decadal NAO oscillations 
into the mid-Holocene (Jones et al., 1998; Appenzeller et al., 1998; Cook, 2003).  
GCM’s have further supported the presence of NAO oscillations into the 
Pleistocene and late Pliocene; however, most proxy records, such as marine 
sediment cores, lack sufficient temporal resolution to reveal decadal variations in 
NAO (Haywood et al., 2000; Rind et al., 2005). 
Because NAO is a measure of winter pressure variability, typically only 
winter climate anomalies are examined in the literature.  The prevailing 
westerlies over the mid-latitudes in the Northern Hemisphere are stronger during 
a positive NAO, causing a northward shift in Atlantic storm activity and 
consequently, increasing winter storm activity in Iceland and Scandinavia, but 
decreasing the severity of winter storms in Canada, Greenland, the Mid-Atlantic 
region of North America, across the Iberian Peninsula, and in the Mediterranean  
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Figure 2.4: North Atlantic Oscillation and Palmer Drought Severity Index.  North Atlantic 
Oscillation (NAO) index (black) based on the difference of normalized sea level pressure (SLP) 
during winter (December through March) between Lisbon, Portugal and Stykkisholmur/Reykjavik, 
Iceland from 1864 to 2010 (data from UCAR) plotted with the PDSI (grey).  (Data provided by 
NOAA).  
 
region (Visbeck et al., 2001; Hurrell, 2003).  A negative NOA, instigated by a 
weak Arctic low and a weak Azores high, has the opposite effect, shifting Atlantic 
storm activity southward into Canada, the Mid-Atlantic region of North America, 
and Europe (Hurrell, 2003).    
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The strong Azores high, associated with a positive NAO, extends 
westward over the southeast United States (north of Florida), creating a high 
pressure ridge that prevents winter storms from reaching the Florida peninsula 
and decreases winter precipitation (Hagemeyer, 2006; van Beynen et al., 2007).  
This enlarged high also decreases precipitation in southern Europe and northern 
Africa (Moulin et al., 1997; Hurrell, 1995).  Conversely, a negative NAO is 
correlated to an increase in precipitation in Florida, southern Europe, and 
northern Africa (Hurrell, 1995; Hurell and Van Loon, 1997; Hurrell et al., 2003; 
Hagemeyer, 2006).    
The NAO and Pliocene climate.  While an NAO signal has not been 
detected in any Pliocene proxy records (possibly due to the relatively low-
resolution Pliocene climate proxies), the boundary conditions of GCM’s (including 
higher annual SST and reduced Northern Hemisphere glaciers) suggest an 
intensification of the Azores high and the Arctic low characteristic of a positive 
NAO (Haywood et al., 2000), thus combining with a cooler AMO to result in 
decreased precipitation over the exposed part of the Pliocene Florida peninsula.  
In seasonal proxy precipitation records, a positive NAO would be detected as a 
decrease in winter precipitation.  The positive NAO predictions are in agreement 
with a predicted northerly paleoposition of the Intertropical Convergence Zone 
(ITCZ) during the Pliocene and Miocene, as evident in eolian dust records and 
planktonic foraminifera from deep-sea cores in the Atlantic and Pacific Oceans 
(Rea, 1998; Billups et al., 1999).  However, depending on the extent of its 
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northerly migration, the ITCZ may have increased precipitation in Florida.  After 
the closure of the CAS and approximately concurrent with the onset of Northern 
Hemisphere Glaciation, the ITCZ moved southward (Rea, 1998; Billups et al., 
1999).   
2.3.3 The Pacific Decadal Oscillation 
The Pacific Decadal Oscillation (PDO) is variation between SST 
anomalies in the North Pacific Ocean.  During the warm (positive) mode of the 
PDO, the area of the eastern north Pacific Ocean adjacent to North America is 
anomalously warm, while cooler water spreads from the center of the Pacific 
Ocean to the western edge of the North Pacific Ocean (Mantua et al., 1997).  
During the cool (negative) phase of the PDO, the opposite SST pattern is 
observed. 
Typical PDO periodicity ranges from 15 to 30 years, and the strongest 
teleconnections affect mid- and high-latitude regions of North America (Barlow et 
al., 2001; Mestas-Nuñez and Enfield, 2001).  During a warm phase PDO, 
temperatures are above average in the northwest U.S. and below average in the 
southeast U.S., and precipitation in the southern U.S. is above average while 
below average in the NW and Great Lakes region.  However, statistical 
correlations with precipitation anomalies suggest that the AMO plays a much 
larger role than PDO in North American precipitation patterns (Mestas-Nuñez 
and Enfield, 2001; Hagermeyer, 2006). 
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2.3.4 The El Niño-Southern Oscillation  
The El Niño-Southern Oscillation (ENSO) is a quasi-periodic coupled 
“ocean-atmosphere system in the tropical Pacific with global impacts” (Cane, 
2005, p. 227).  The oceanic processes associated with ENSO are manifest as 
changing SST (El Niño/La Niña) across the equatorial Pacific Ocean, while the 
atmospheric processes (the Southern Oscillation) reflect changing sea level 
pressure (SLP) caused by oscillating atmospheric masses between Darwin, 
Australia and Tahiti (Cane, 2005).   
During “normal” conditions, SLP is controlled by a Walker atmospheric 
circulation cell over the equatorial Pacific, characterized by warm air rising in the 
western equatorial Pacific (WEP; creating regional low SLP) and cold air sinking 
in the eastern equatorial Pacific (EEP; creating regional high SLP) (Bjerknes, 
1969; Cane, 2005; Ravelo et al., 2006).  Surface air then flows from the high-
pressure zone (in the EEP) to the low-pressure zone (in the WEP) as easterly 
trade winds, which drives the westward flow of the oceanic equatorial current.  
This westward flow creates a thick, warm mixed layer in the WEP, which 
depresses the thermocline to depths of ~200-400 m, whereas in the EEP the 
thermocline is relatively shallow (~50 m; Ravelo et al., 2006).  The easterly winds 
drive divergent upwelling in the EEP, causing SST to be cooler than in the WEP, 
resulting in an equatorial temperature gradient.  The equatorial SST gradient 
strengthens the atmospheric low in the WEP and high in the EEP, thus 
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strengthening the easterly winds, resulting in a positive feedback system 
(Bjerknes, 1969; Cane, 2005; Ravelo et al., 2006).  
An El Niño event involves the breakdown of the Walker atmospheric 
circulation cell accompanied by weaker upwelling triggering a deepening of the 
thermocline in the EEP and a decreased equatorial SST gradient (Cane, 2005; 
Ravelo et al., 2006).  El Niño events are commonly characterized by the 
equatorial warming of SST in the Pacific, and these SST anomalies are grouped 
into four different longitudinal areas of the tropical Pacific (Trenberth, 1997).  The 
regions designated as Niño 1 and Niño 2 are commonly combined (referred to as 
Niño 1+2) and located in the EEP, between 80° and 90° W and 0° to 10° S 
(Figure 2.5).  SST changes in Niño 3 and Niño 4 are both centered on the 
equatorial Pacific between 5° S and 5° N, and Niño 3 is located more eastward 
(90° and 150° W), whereas Niño 4 is located between 150° W and 160° E 
(Figure 2.5).   
 
Figure 2.5: Map of Niño regions.  Map showing the locations of Niño 1+2, Niño 3, Niño 4, and 
Niño 3.4, which combines the western end of Niño 3 with the eastern end of Niño 4.  (Figure 
adapted from NOAA Climate Prediction Center, 
http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/nino_regions.shtml) 
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The highest SST anomalies for typical El Niño events are located in the Niño 3.4 
region, near 160° W, however, for severe El Niño events (such as the 1997-1998 
event), those anomalies migrate eastward toward the Niño 1 + 2 region, near 
South America (Trenberth, 1997; Molnar and Cane, 2007). 
The oscillation between El Niño and neutral or La Niña conditions relies on 
the strength of ocean-atmosphere interactions and the delayed response of the 
equatorial thermocline (Webster and Yang, 1992; Wang, 2000; Cane, 2005).  
This coupling strength is dependent on a variety of factors, including surface 
wind strength, atmospheric heat generated by SST changes, and the depth of 
the thermocline (Wang, 2000; Cane, 2005).  The complexity of these interactions 
affects both the frequency and amplitude of ENSO oscillations, numerically 
expressed as the Multivariate ENSO Index (MEI).  The MEI is a spatially filtered 
average of sea level pressure, zonal and meridional surface wind, sea surface 
temperature, surface air temperature, and total cloudiness, calculated as the first 
principal component of the combined six fields (Wolter, 1987; Wolter and Timlim, 
1993).  Modern El Niño events, as measured by the positive phase of the MEI, 
occur approximately every 4 years, although ENSO oscillations vary between 2 – 
7-year periodicities (Cane, 2005, Collins et al., 2010).  
ENSO oscillations have global ramifications, and these tropical-driven 
teleconnections are possibly the most studied in climate research (e.g. 
Ropelewski and Halpert, 1986; Diaz et al., 2001; Nott et al., 2002; Emile-Geay et 
29 
 
al., 2007; Yoshida et al., 2007).  A warm ENSO phase (El Niño) has the 
strongest affect on winter climate in the southeastern United States, and very 
little affect on summer climate (Cook et al., 2000; Enfield and Mestas-Nuñez, 
2000; Diaz et al., 2001; Molnar and Cane, 2007).  The warm phase of ENSO (an 
El Niño event) is also typically associated with the positive phase of the PNA 
(Hagemeyer, 2006), which is manifest as a large barometric pressure difference 
between the southeastern United States and western Canada (Wallace and 
Gutzler, 1981).  
Today, increased rainfall in Florida during winter and spring is 
characteristic of conditions during an El Niño event and the positive phase of the 
PNA (Schmidt et al., 2001; Schmidt and Luther, 2002; Hagermeyer, 2006).  
Precipitation anomalies are particularly pronounced in southwest Florida between 
Tampa Bay and Charlotte Harbor (Carlson et al., 2003).  During such an event, 
winter and spring rainfall in southwest Florida increases by 13% above normal 
winter/spring precipitation, and during a “severe” modern El Niño event, winter 
and spring rainfall increases by 85% above normal levels (Figure 2.6) 
(SWFWMD).  During the strongest El Niño event in the past 60 years (the 1997-
1998 event) winter (dry-season) precipitation on the southwest Florida peninsula 
exceeded summer (wet-season) precipitation by 56% (Figure 2.6) (SWFWMD).   
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Figure 2.6: Southwest Florida average seasonal precipitation.  Averaged summer (grey) and 
winter (black) precipitation for La Niña and El Niño years and “normal” years not associated with 
La Niña or El Niño events.  The precipitation during the severe 1997-1998 El Niño event is 
separated from typical El Niño events. (Data provided by SWFWMD.) 
 
These ENSO-driven precipitation anomalies in Florida also affect regional 
water resources and hazards in Florida.  “Wet” and “dry spells” are quantified by 
the Palmer Drought Severity Index (PDSI), which accounts for precipitation, 
temperature, and the soil water-holding capacity in defined regions (Palmer 
1965).  Most El Niño events since 1950 has coincided with an “extreme wet spell” 
(greater than 4 on the PDSI) in Florida (Figure 2.7), and total precipitation, the 
PDSI and the MEI are weakly correlated (r2 = 0.13 for PDSI and MEI and r2 = 
0.02 for precipitation and MEI).  Additionally, both the PDSI and MEI have 
periodicities in the 5.7, 5.5, 5.1, 3.7, and 2.9-year frequency bands (Figure 2.8). 
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Figure 2.7: The Multivariate El Niño-Southern Oscillation Index and the Palmer Drought Severity 
Index.  Multivariate El Niño-Southern Oscillation Index (MEI) (black) from 1950 to 2010 plotted 
with the PDSI (grey).  Grey bars represent El Niño events between 1950 and 2010.  The grey bar 
denoted with a star represents the severe 1997-98 El Niño events.  (Data provided by NOAA.) 
 
 
Figure 2.8: Lomb Periodogram of MEI and PDSI.  The hatched line indicates the 95% confidence 
interval (white noise).  Grey bars mark where both the MEI and PDSI have significant peaks, at 
5.7, 5.5, 5.1, 3.7, and 2.9 - year frequencies.   
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El Niño-driven rainfall during the dry/cool season decreases fire hazards 
(Beckage et al., 2003), and fewer hurricanes make landfall in the southeastern 
United States during El Niño years (Bove et al., 1998) due to increased 
tropospheric vertical wind shear disrupting cyclone development (Gray, 1984).  
During the severe ‘97-‘98 El Niño event, rainfall increased fluvial input to the 
nearshore marine system, and the excessive terrestrial nutrients caused 
widespread phytoplankton blooms along the southwest Florida Gulf Coast 
(Carlson et al., 2003). 
2.3.5 ENSO, AMO, NOA, and PDO Interactions 
While the AMO, NAO, and PDO affect precipitation patterns in Florida, 
ENSO is the strongest driver of precipitation anomalies in Florida.  The 1997-98 
strong El Niño event, when winter precipitation slightly exceeded summer 
precipitation, coincided with a warm AMO and a positive NAO, producing a 
cumulative effect of increased winter precipitation.  However, despite strong 
influences on precipitation patterns in the Mississippi Valley, AMO 
teleconnections in Florida are relatively weak compared to ENSO 
teleconnections (Enfield et al., 2001).  For example, rainfall in the Lake 
Okeechobee region is positively correlated with ENSO events (i.e. south-central 
Florida is wetter during El Niño years) regardless of the AMO phase (Enfield et 
al., 2001).  Additionally, Hagemeyer (2006) examined Florida winter precipitation 
anomalies in regards to the ENSO, NAO, and PDO index.  Both warm ENSO (El 
Niño) and positive NAO increase winter precipitation; however, a warm ENSO 
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and negative NAO still show an increase in winter precipitation.  While the AMO 
and NAO both increase winter season precipitation anomalies, ENSO is the 
dominant precipitation driver for southern Florida (Enfield et al., 2001; 
Hagemeyer, 2006). 
2.4 Pliocene “Super El Niño” 
Many researchers have proposed that the Pliocene Pacific Ocean lacked an 
east-west temperature gradient and was in a perennial El Niño-like state, 
commonly referred to as “El Padre” or a “super El Niño” (Cane and Molnar, 2001; 
Molnar and Cane, 2002; Wara et al., 2005; Ravelo et al., 2006; Federov et al., 
2006; Haywood et al., 2006).  Using oxygen isotopes and Mg/Ca ratios from 
foraminifera and the alkenone unsaturation index in coccolithophore algae in 
sediment cores from the EEP and the WEP, Ravelo et al. (2006) reconstructed 
sea-surface temperature and thermocline depth for the past 5 Ma (Figure 2.9).  
For the majority of the Pliocene, the equatorial thermocline was deep, and 
temperatures from both the EEP and WEP were similar, thus mimicking the 
conditions of a modern El Niño event (Wara et al., 2005; Ravelo et al., 2006; 
Haywood et al., 2006).  The deep equatorial thermocline prevented the upwelling 
of cool water in the WEP, hindering the development of a longitudinal 
temperature gradient.  However, the temporal resolution of the sediment cores 
used for SST reconstructions is such that it is impossible to differentiate between 
a permanent El Niño or simply more frequent than modern episodic El Niño 
events (Bonham et al., 2009).  
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Figure 2.9: Pliocene to Recent SST Reconstructions.  (A) Planktonic foraminifera δ18O records 
from two western equatorial Pacific (WEP) locations and two eastern equatorial Pacific (EEP) 
locations. (B) Planktonic  foraminifera Mg/Ca records from the western equatorial Pacific location 
(red) and eastern equatorial Pacific location (blue). (C) Sea surface temperature (SST) (°C) 
estimates for the western equatorial Pacific (red) and eastern equatorial Pacific (blue) based on 
Mg/Ca records (shown in B) using Dekens et al. (2002) calibration and for the eastern equatorial 
Pacific (green) based on Uk37 measurements. (D) The west minus east SST difference record 
calculated by subtracting the site 847 Mg/Ca-based SST record from the site 806 Mg/Ca-based 
SST record (blue) and by subtracting the site 847 alkenone-based SST record from the site 806 
Mg/Ca-based SST record (red). (Figure from Ravelo et al., 2006). 
 
The differences between Pliocene climate reconstructions and modern 
conditions are similar to differences associated with modern severe El Niño 
teleconnections (Molnar and Cane, 2002, 2007).  As such, seasonal precipitation 
reconstructions in southwest Florida should reflect an increase in winter 
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precipitation and a slight decrease in summer precipitations, as observed in a 
modern severe El Niño event. 
The Pliocene perennial El Niño is considered to be the “normal” state of 
the Pacific Ocean in periods of warm global mean temperatures, while the 
equatorial SST gradient and intermittent El Niño events characteristic of the 
modern Pacific Ocean and during the Pleistocene and Holocene are only 
apparent during periods of cooler global temperatures (Ravelo et al., 2006).  
Cooler temperatures led to a strengthening of deepwater formation in the 
northern hemisphere and a shoaling of the thermocline in various parts of the 
ocean (Marlow et al., 2000; Federov et al., 2006).  Once the thermocline started 
to shoal in the EEP, ~2-3 Ma, a wind-driven upwelling region developed gradually 
over 0.5 to 1.0 Ma, causing surface SST in the EEP to decrease by 2.0 to 1.7 
Ma.  This ultimately led to a zonal temperature gradient across the tropical 
Pacific that is characteristic of modern “normal” conditions (Ravelo et al., 2004, 
2006; Federov et al., 2006).   
Ocean-atmosphere interactions strengthened the equatorial Walker 
circulation and increased cloud cover over the Pacific, thereby increasing albedo 
and enhancing global cooling during the Plio-Pleistocene transition.  Changes in 
the Pacific Ocean, coupled with the closure of the CAS and subsequent 
strengthening of the Loop and Gulf Stream Currents coincide with an expansion 
of northern hemisphere continental ice (Ravelo et al., 2004; Federov et al, 2010).  
Despite different boundary conditions from the Pliocene (such as open seaways 
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and northern hemisphere glaciers), the current trend of global warming could 
cause the Pacific equatorial temperature gradient to destabilize and revert to 
Pliocene conditions (Federov et al., 2006).  Global warming could lead to a 
permanent deepening of the thermocline in the EEP, shutting down upwelling, 
weakening Walker Circulation, decreasing cloud cover (and albedo), and creating 
a new perennial EL Niño-like state in the Pacific Ocean (Federov et al., 2006).  
2.5 Modern Nutrient Sources 
Nitrogen (N) and phosphorus (P) are identified as limiting nutrients for 
nearshore marine communities along the southwest Florida coast (Lapointe, 
1989; McCormick et al., 1996; Fourqurean and Zieman, 2002).  Average marine 
phosphate (PO4SW) concentrations range from 0.04 µmol/kg (1σ = 0.04) in an 
open marine setting along the Florida Shelf to 0.34 µmol/kg (1σ = 0.5) in lagoonal 
coastal areas, with average concentrations reaching 5.64 µmol/kg (1σ = 3.7) in 
highly restricted, low-circulation upper estuaries, such as Hillsborough Bay 
(Table 2.1) (EPCHC, SERC-FIU).   
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Table 2.1: Marine phosphate concentrations from south Florida.  (Data provided by SERC-FIU 
and EPCHC). 
Location 
PO4SW 
(µmol/kg) 
n 1σ 
Biscayne Bay 0.036 4412 0.038 
Florida Bay 0.045 211 0.042 
Rookery Bay 0.34 3548 0.45 
Ten Thousand Islands 0.24 4328 0.24 
Southwest Florida Shelf 0.041 2383 0.037 
Dry Tortugas 0.031 740 0.048 
Hillsborough Bay 5.64 2898 3.73 
Old Tampa Bay 1.93 4002 2.13 
Middle Tampa Bay 2.58 2969 3.19 
Lower Tampa Bay 0.66 2334 0.85 
 
Sources for nutrients in the nearshore marine system of the southwest 
Florida coast include periodic upwelling, submarine groundwater discharge 
(SGD), and riverine input (Paluszkeiwicz et al., 1983; McCormick et al., 1998; 
Wetzel et al., 2005).  Periodic upwelling along the west coast of Florida is 
associated with cyclonic eddies separated from the Loop Current (Paluszkeiwicz 
et al., 1983; Hamilton and Lee, 2005).  These cold-core eddies separate from the  
Loop Current and meander shoreward of the Loop Current along the west Florida 
shelf (Vukovich, 1986, 2007; Chérubin et al., 2006; Barth et al., 2008).  The 
eddies are characterized by localized high planktonic productivity (Yoder et al., 
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1981) and high nutrients, such as PO4SW concentration of 0.40 µmol/kg at 100 m 
depth (Paluszkeiwicz et al., 1983).   
The karstic limestone bedrock of the Florida Platform creates a highly 
permeable aquifer system, and the hydraulic head of the aquifer drives SGD in 
the nearshore marine environment (Corbet et al., 1999; Taniguchi et al., 2002; 
McCoy and Corbett, 2009).  Previously overlooked as significant contributors to 
coastal systems (e.g. Taniguchi et al., 2002), regions of SGD are now identified 
along the west Florida Gulf coast and in Florida Bay as sources for nearshore 
marine nutrients (Kayser 1995; Corbet et al., 1999; Wetzel et al., 2005; Kroeger 
et al., 2007).  In Tampa Bay, saline groundwater PO4 is 15 µmol/kg (1σ = 15), 
and nutrient fluxes due to SGD are substantial compared to river fluxes (Kroeger 
et al., 2007).     
During the wet season (June through September), riverine discharge is 
another nutrient source for nearshore marine environments along the southwest 
Florida coast (McCormick et al., 1998; Rudnick et al., 1999).  As is evident in 
Rookery Bay (Figure 1.1), nutrient loading primarily associated with river 
discharge decreases as salinity increases  (Figure 2.10) (SERC-FIU).  While an 
inverse relationship between PO4SW and salinity is statistically significant in 
Rookery Bay, anthropogenic alterations of the hydrologic regime of the estuary 
systems of southwest Florida can affect this relationship (Hecker, 2005).  Modern 
nutrient delivery to the nearshore marine systems in SW Florida is heavily altered 
by anthropogenic influences, such as sewage and storm drain discharge, 
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agricultural waste and runoff, and restricted flow due to structure and canal 
construction (Smith et al., 1989; Brewster-Wingard and Ishman, 1999; 
Fourqurean and Robblee, 1999; Hecker, 2005). 
 
Figure 2.10: Linear regression between salinity and marine phosphate concentration in Rookery 
Bay. (Data provided by SERC-FIU).   
 
2.6 Florida Shell Beds  
Pliocene and Pleistocene precipitation patterns and nutrients are inferred 
from the geochemical analysis of fossils from the Florida shell beds.  The Plio-
Pleistocene shell beds of Florida were deposited during an interval of dramatic 
global climate change and potentially record regional signals of teleconnection 
shifts, especially ENSO, through sedimentary, faunal, and geochemical proxies.  
Overall, the Florida shell beds consist of shelly sands, limestones, and marls 
representative of nearshore marine environments and significantly exposed only 
at the numerous aggregate quarries of southern peninsula Florida.  Most workers 
have divided these deposits into four formations based on biostratigraphy (Figure 
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2.11) (Petuch, 1982; Vermeij, 2005; Lyons, 1991).  Additionally, the fossil beds 
described from quarries in Sarasota (southwest Florida) have been further sub-
divided into 11 numbered beds (Petuch, 1982).  The Pliocene Tamiami 
Formation consists of the Sarasota Member (Petuch’s bed 11 in Sarasota), the 
Buckingam Member (Petuch’s bed 10 in Sarasota), and the Pinecrest Beds 
(Petuch’s beds 9 – 2 in Sarasota).  The Pinecrest Beds are sub-divided into the 
Lower Pinecrest Member (beds 9 – 5 in Petuch, 1982), and the upper Pinecrest 
Beds (beds 2 – 4 from Petuch, 1982), also referred to as the time-equivalent 
Fruitville and Golden Gate Members (Vermeij, 2005).  The lowermost 
Pleistocene (Gelasian) Caloosahatchee Formation (Petuch’s bed 1 in Sarasota) 
overlies the Pinecrest beds, which is overlain by the lower Pleistocene (Gelasian 
and Calabrian) Bermont Formation (figure 2.11).  
The lower member of the Tamiami Formation is differentiated from the 
other shelly formations by relatively higher siliciclastic content and moldic 
aragonitic fauna, whereas the Bermont beds are differentiated from the 
Caloosahatchee by the mollusk fauna it contains (Lyons, 1991).  Using isotope 
ratio dating (U-series and Sr-series) and biostratigraphic correlation with other 
dated fossiliferous deposits along the Atlantic coastal plain, ages are assigned to 
each of the units (Lyons, 1991).  The Bermont Fm. was deposited between 1.1 to 
1.6 Ma, the Caloosahatchee Fm. was deposited between 1.8 to 2.5 Ma, and the 
Pinecrest Member was deposited from 3.0 to 3.5 Ma (Lyons, 1991).   
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Figure 2.11: Florida stratigraphic column.  The Tamiami, Caloosahatchee, and Bermont Fms. are 
depicted (after Lyons et al., 2001). 
 
Each unit formed when sea level was higher than present, and the 
depositional environmental, based on ostracode, foraminiferal, and mollusk 
faunal assemblages (Petuch, 1982; Allmon, 1993; Willard et al., 1993), the 
occurrence of taphonomically abraded fossils indicative of depth above wave 
base (Emslie et al., 1996), and silica salts representing a lagoonal environment 
(Meyer et al., in prep).  Previous research suggests that the agent of deposition 
for these dense shell beds was primarily storms, or that storms were only partly 
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responsible, and what is seen today is the result of current winnowing (Geary 
and Allmon, 1990; Ketcher and Allmon, 1993).  Additionally, the high abundance 
of fossil shells could have been due to an abundance of nutrients and overall 
high productivity (Petuch, 1982; Allmon et al., 1996; Allmon, 2001).  
The Pinecrest Member, Caloosahatchee Fm., and Bermont Fm. contain 
abundant, exceptionally well-preserved fossil material.  In addition to a multitude 
of gastropod and bivalve species, several species of solitary corals are also 
found in each of these units, including Siderastrea spp. corals.  
2.7 Florida Paleoenvironmental and Paleobiological Context  
The Plio-Pleistocene fossil beds found in Florida’s deposits document a 
regional extinction event whose cause has been intensely debated for decades 
(e.g. Stanley, 1986; Allmon et al., 1993; Petuch, 1995).  Stanley (1986) ruled out 
a drop in sea level as a driver of extinction, citing lower survivorship among 
Western Atlantic fauna along a broad continental shelf than eastern Pacific (San 
Diego) fauna along a narrow continental shelf.  Following the drop in sea level, 
the Western Atlantic fauna had a larger area for survival than the eastern Pacific 
fauna; therefore the reduction of the nearshore marine environment caused by a 
drop in sea level would have had little effect on the survivorship of the Western 
Atlantic fauna.  Stanley (1986) attributed the extinction event to cooler 
temperatures, specifically the initiation of the first cold-air winter outbreaks at the 
onset of Northern Hemisphere glaciation.  Stenothermal species in Florida 
suffered a heavy extinction because they were unable to shift their geographic 
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range south of Florida into the Caribbean (Stanley, 1986).  Since then, a 
consensus view has developed based on the idea that the ecosystems collapsed 
due to nutrient reduction and loss of primary producers.  This idea builds off the 
work by Woodring (1966), who hypothesized that, following a reorganization of 
oceanic circulation after the closure of the CAS, food supply and nutrients would 
have declined in the Caribbean. 
Allmon et al. (1996) speculated that the source of high nutrients in the 
Florida Pliocene could be either a globally higher level of phosphogenesis during 
the Pliocene, a more nutrient-rich Atlantic Ocean prior to closure of the CAS, 
and/or a localized upwelling zone along the continental shelf in what is now 
southwest Florida.  While all three mechanisms are viable scenarios for high 
Pliocene nutrients followed by a nutrient decline at the Plio-Pleistocene 
boundary, biological and geochemical fossil evidence from the Florida Pliocene 
beds are interpreted as indicative of a localized upwelling zone (Jones and 
Allmon, 1995; Allmon et al., 1996).  The proposed paleoceanographic 
mechanism responsible for the hypothesized upwelling zone is similar to modern 
coastal upwelling zones associated with eastern boundary currents (EBC).  An 
EBC in the Pliocene Gulf of Mexico would have flowed southward next to the 
western Florida peninsula.  Likewise, mean wind flow direction was equatorward 
and the associated Ekman transport pushed water offshore, causing coastal 
upwelling and allowing for bottom water to upwell onto the continental shelf 
(Allmon et al., 1996).   
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Following the closure of the CAS, the Loop Current in the Gulf of Mexico 
strengthened (Maier-Reimer et al., 1990; Allmon et al., 1996), which increased 
the coastal pressure gradient along the southwest Florida Gulf Coast.  An 
increased coastal pressure gradient could depress the thermocline near the 
coast, thus dissipating localized upwelling, similar to conditions observed along 
the western Australian coast (Allmon et al., 1996).  The strengthening of the Loop 
Current intensifies the eddy-driven upwelling that is occasionally observed in the 
modern southwest Floirda Gulf coastal environment (Paluszkiewicz et al., 1983; 
Vukovich, 1986; He and Weisberg, 2003; Barth et al., 2008).  However, nutrients 
delivery by this process is considered minimal compared to the hypothesized 
Pliocene EBC-driven upwelling region (Allmon et al., 1996).  The loss of this 
upwelling system would have decreased nutrient availability in the nearshore 
marine system, thereby instigating the biotic changes associated with the Plio-
Pleistocene boundary (Jones and Allmon, 1995; Allmon et al., 1996).   
While the upwelling hypothesis provides one explanation for nutrient 
sources during the Pliocene, alternative methods of nutrient delivery to the 
nearshore marine system exist, and the evidence supporting the upwelling theory 
is somewhat “ambiguous” (Allmon et al., 1996, p. 145).  For example, Allmon et 
al. (1996) used the presence of several turritellid-dominated assemblages (TDA) 
in the Pinecrest Member as evidence of upwelling.  While previously thought only 
to represent areas of upwelling, TDA’s have since been documented in 
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carbonate and deltaic environments, which suggests they are not a good 
upwelling indicator (Allmon, 1988; Allmon and Cohen, 2003).   
Jones and Allmon (1995) also report stable isotopes from the mollusks 
Turritella apicalis (from a TDA in the upper Pinecrest/Caloosahatchee Fm.), 
Turritella gladeensis (from a TDA in the Pinecrest Member), Mercenaria 
campechiensis (from the middle of the Pinecrest Member), and Carolinapectin 
eboreus (from the middle of the Pinecrest Member) record upwelling signals.  In 
general, an upwelling region is characterized by cold water enriched in nutrients.  
That upwelling signal translates to 18O-enriched (higher) δ18O values coinciding 
with 13C-depleted (lower) δ13C values in the isotopic record of mollusk shells.  
However, this isotopic upwelling signature is not consistently found in Pinecrest 
shells and is also found with equal, if not increased, frequency in younger 
material, suggesting that upwelling was not specifically indicative of the Pliocene 
in Florida (Jones and Allmon, 1995; Kasprak et al., 2007). 
The majority of the invertebrate evidence employed by Allmon et al. 
(1996) is simply indicative of nutrient-rich, cool water.  While an upwelling system 
could explain this scenario, another mechanism that might drive a high influx of 
nutrients into the nearshore environment is heavy fluvial runoff.  The Pliocene 
“Super El Niño” offers a mechanism to increase winter precipitation (and, 
consequently, total annual precipitation) in the Pliocene.  Miocene and Pliocene 
siliciclastic sediments draped over the carbonate bedrock in southwest Florida 
show signs of higher “pluvial” transport during those periods (Hine et al., 2009).   
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During sea level highstands, sediments were deposited into prograding 
deltas on the carbonate bedrock throughout the central and southern Florida 
Peninsula (Hine et al., 2009).  During periods of sea-level lowstands, multiple 
rivers drained into Tampa Bay and Charlotte Harbor, depositing deltaic 
sediments in those basins.  No significant delta formation is apparent in Tampa 
Bay or Charlotte Harbor in the modern environment, suggesting that pluvial 
transport in the Miocene and Pliocene would have exceeded that which is 
observed today, presuming that regional precipitation is higher than observed in 
the modern environment (Hine et al., 2009).  By the Pleistocene, a carbonate 
deposition system returned to south Florida, indicating the end of the pluvial 
transport of siliciclastic sediment across the Florida Platform (Hine et al., 2009). 
In addition to an increase in sediment transport, intensified terrestrial 
nutrient transport to the nearshore marine system may have been common in the 
Miocene and Pliocene.  As is evident in modern Florida Bay (Wetzel et al., 2005), 
groundwater may have been transported through the phosphorite-bearing 
sediments of the Miocene Hawthorn Group, potentially bringing P to the 
nearshore marine system through SGD or groundwater-influenced river 
discharge.  However, high nutrients in modern marine environments that create 
eutrophic conditions are usually characterized by lower species diversity 
(Jørgensen and Richardson, 1996; Rönnberg and Bonsdorff, 2004), contrary to 
the high species diversity observed in the late Pliocene fossil deposits (Allmon et 
al., 1993; Petuch, 1995).  
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Chapter 3 
 
Potential and Pitfalls of Obtaining Decadal Climate Records from Isotope 
Sclerochronology of Large Predatory Mollusks 
 
 
 
3.1  Abstract 
 Stable isotope sclerochronology of mollusk shells has been used for 
seasonal-scale paleoclimate reconstructions for decades, but the technique 
suffers from biological effects such as growth cessations, which potentially bias 
the seasonal record, and short life spans, which do not effectively record the sub-
decadal climate oscillations that are of primary interest.  In this study, we present 
stable isotope sclerochronology on two gastropod species, one active in the 
winter and the other active in the summer, from the Florida Gulf coast, in the 
hope of establishing a multi-year record of seasonality.  In both Busycon 
sinistrum and Fasciolaria tulipa, measured δ18O were similar to corresponding 
predicted δ18O summer values, but offset by 1.4-1.9‰ to corresponding 
predicted δ18O winter values.  The oxygen isotope records the specimens reveal 
that both species cease shell growth during the winter months, despite opposing 
seasons of feeding activity.  Fasciolaria tulipa, a summer feeder, grows during its 
active predatory season, which makes available a thin, newly formed lip to be 
ever-present for its wedging-style predation on bivalve prey.  Busycon sinistrum, 
a winter feeder with a chipping-style predation, does not grow during its active 
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predatory season, instead growing and reinforcing its lip during what was once 
thought to be the dormant summer season.  Neither stable isotope profile 
provides information on winter environmental parameters. The timing of shell 
growth, which, in some cases, is influenced by predation style, should be 
considered during interpretation of geochemical information derived from 
mollusks.   
3.2 Introduction 
Building off the pioneering work of Epstein et al. (1951, 1953), mollusk 
shells have long been used as geochemical archives of key environmental 
variables needed for paleoclimate reconstructions, including temperature and its 
seasonality variability (e.g., Krantz, 1990; Bice et al., 1996; Kirby et al., 1998; 
Andreasson and Schmitz, 2000; Kobashi et al., 2001; Surge et al., 2003; Schöne 
et al., 2004).  Mollusks are useful for studying climate variation as they occur 
over a wide latitudinal distribution ranging from the tropics (e.g., Geary et al., 
1992) to high latitudes (e.g., Schöne et al., 2004) and at depths varying from 
nearshore marine to abyssal (Wefer and Berger, 1991).  Additionally, pristine 
non-altered fossil mollusks offer a unique, high-resolution paleoclimate 
perspective.  Unlike other climate archives, such as deep-sea sediment cores, 
which can average climate over century or millennia, the accretionary growth of 
mollusks can record seasonal and even monthly climate resolution (e.g., Schöne 
et al., 2005).  Using mollusks shells for paleoclimate reconstructions can make it 
possible to contrast winter vs. summer temperatures and precipitation (e.g., 
Surge et al., 2003), pinpoint the seasonal timing and annual frequency of 
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upwelling events (Jones and Allmon, 1995), and potentially, for long-lived 
mollusks such as Arctica islandica, reconstruct changes in seasonality over 
decadal timescales (Buick and Ivany, 2004; Schöne et al., 2005).   
 The mollusk δ18O record is generally in equilibrium with surrounding 
seawater (Wefer and Berger, 1991), but as with all biological archives, the 
mollusk isotope record is imperfect, and isolating an environmental signal from 
the geochemical record requires an understanding of information loss due to 
shell growth cessation related to physiological tolerance, endogenous 
timekeeping mechanisms, and ontonogenic growth trends (Geary et al., 1992; 
Vermeij and Signor, 1992; Goodwin et al., 2001; Elliot et al., 2003; Schöne, 
2008).  Periodic shell growth cessations can be stimulated by endogenous 
rhythms (such as circadian increments mimicking tidal fluctuations) or by 
environmental perturbations (Hall et al., 1974; Palmer, 1995; Jones and 
Quitmyer, 1996; Rensing et al., 2001; Elliot et al., 2003).  Some observed growth 
cessations in modern mollusks are regular and relatively predictable, such as 
semidiurnal (tidally influenced) cessations, seasonal (above/below a temperature 
threshold) cessations (e.g., Krantz et al., 1987), and during spawning; however, 
other periods of growth cessation are caused by sporadic environmental 
perturbations (such as nutrient fluxes) and are sometimes difficult to detect in 
fossil specimens (Schöne, 2008).  Calibration studies are ideal for determining 
whether and how these factors affect the fidelity of the mollusk isotope proxy 
record (e.g., Elliot et al., 2003; Gillikin et al., 2005; Schöne 2008). 
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Most mollusks are assumed to grow skeletal material during “optimal” 
conditions of temperature and salinity levels and food availability (Frank, 1969; 
Palmer, 1992; Jones and Quitmyer, 1996; Kirby et al., 1998; Curtis et al., 2000; 
Elliot et al., 2003; Selders et al., 2009).  Among other environmental and 
physiological variables which govern shell growth, food availability is considered 
one of the most important for several marine organisms, including the barnacles, 
Balanus glandula and Chthamalus dalli (Sanford and Menge, 2001), and the 
mollusks, Macoma balthica (Thompson and Nichols, 1988), Phacosoma 
japonicum (Schöne et al., 2003), Strombus gigas (Radermacher et al., 2009), 
and Arctica islandica (Schöne et al., 2005).  For example, regardless of 
temperature or salinity changes, Arctica islandica exhibits a decrease in growth 
rates coinciding with a decrease in food availability (Schöne et al., 2005). 
However, growth during fasting is observed in some organisms, such as 
Oncorhynchus tshawytscha, the pacific king salmon (Greene 1919, 1921).  Prior 
to spawning, stored muscle fat is expended during migration (Greene 1919) and 
stored muscle protein and fat are used to increase gonad size (Greene, 1921).  
The energetic cost associated with using this stored energy is presumably high, 
and ultimately leads to the organism’s death after spawning (Greene, 1919).  
Nonetheless, the king salmon is an exception, and many animals typically exhibit 
a fasting response by limiting energy expenditures during periods of limited or no 
food availability (Westerterp, 1977; Guppy and Withers, 1999; Storey and Storey, 
2004).   
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Mollusk shell growth is energetically costly, and Nucella spp. gastropods 
must ingest 3.196 J for every 1 mg of shell produced, as determined from an 
~90-day experiment and based on an assumed 66% energy assimilation 
efficiency (Palmer, 1992).  During periods of dormancy, mollusks have a reduced 
metabolic rate (Guppy and Withers, 1999), and conserving energy by a cessation 
of shell growth while dormant is sensible physiologically.  As was observed in 
laboratory-reared Nucella spp. gastropods (Palmer, 1992), shell growth may be 
correlated with energy consumption.   
If shell growth is directly related to food availability, one potential method 
to increase the likelihood of producing an annual record of temperature variability 
involves combining the environmental records of mollusks known through direct 
observation to feed in different seasons.  Busycon sinistrum and Fasciolaria 
tulipa are predatory gastropods found along the western Atlantic and Gulf Coasts 
with opposing seasons of activity.  Based on field observations in the nearshore 
marine environment in the Florida Panhandle (Paine, 1963) and in Tampa Bay 
(Herbert, pers. comm.), B. sinistrum is abundant and actively feeds on the 
venerid bivalves Chione spp. and Mercenaria spp. during the coldest winter 
months, whereas F. tulipa is abundant and actively feeds on thin-shelled bivalves 
and other gastropods during the warmest summer months (Figure 3.1).  If growth 
is concurrent with the predation activities of these two species, when they are 
obtaining food, then pairing the isotopic records of both gastropod species could 
provide a complete record of annual seasonality. 
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Figure 3.1: Patterns of seasonal occupancy of B. sinistrum (identified as B. contrarium in Paine, 
1963) and F. tulipa from Baymouth Bay, Alligator Harbor, in northwest Florida, based on the 
average number of snails observed per hour per month (modified from Paine, 1963). 
 
In addition to compiling a complete record of seasonality, some 
gastropods have the potential to provide multi-year and potentially decadal 
climate records outside of the tropics, based on a review of mollusk life histories 
(Powell and Cummins, 1985).  Of the 101 mollusks examined by Powell and 
Cummins (1985), over 30% (n = 34) have maximum life spans > 10 years.  Of 
the 34 species with decadal or longer life spans, over 50% (n = 18) are 
gastropods.  Fasciolaria and Busycon genera were not included in Powell and 
Cummins’ (1985) review, but fisheries research indicates that the knobbed whelk 
Busycon carica, a more temperate relative of B. sinistrum from the Atlantic coast 
of North America, can have a lifespan exceeding 20 years (Castagna and 
Kraeuter, 1994; Eversole et al., 2008; Power et al., 2009).  Therefore, large 
Busycon spp. whelks, if they have similar growth rates to their more temperate 
relatives, may potentially provide multi-year records important for 
paleoenvironmental studies.     
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3.3 Materials and Methods 
3.3.1 Collection Sites and Sampling Techniques 
Two gastropods, a specimen each of B. sinistrum and F. tulipa, were 
collected live in January 2006 from Miguel Bay, near the mouth of Tampa Bay, 
along the southwest Florida Gulf Coast.  Two addition gastropods were collected 
live from slightly offshore of the Mosquito Trail (29.759° N, 85.391° W) outside of 
St. Joseph Peninsula State Park in St. Joseph Bay, along the northwest Florida 
Gulf Coast in June 2007 (Figure 3.2).  Both sets of specimens were collected 
from an intertidal zone in a water depth of approximately 0.5 m, on a fine sandy 
substrate, under the conditions of Special Activity License # 04SR-901 to G. 
Herbert (issued by the Florida Fish and Wildlife Conservation Commission). 
These sites were chosen based on latitudinal spread (one with more continental 
influence and one with less) and their proximity to long-term water monitoring 
stations in two nearshore marine systems in a sub-tropical environment.  
After collection, all specimens were subsequently frozen and the soft-body 
parts were removed from their shells and preserved. The shells were submersed 
in a 3% sodium hypochlorite solution for 30 min, then thoroughly rinsed in 
deionized water and scrubbed with a soft bristled brush to remove the 
periostracum and any encrusting organisms.  After drying for at least 12 hrs, a 
0.5 mm carbide dental drill bit was used to remove approximately 300 µg of 
powdered aragonite from the upper < 0.5 mm of the shells for future isotopic 
analysis. 
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Figure 3.2: Site location map.  Location of the Environmental Protection Commission of 
Hillsborough County Water Monitoring Site #24 (star) and specimen collection location (circle) in 
Tampa Bay (1A) and Florida Department of Environmental Protection Site LW5 (star) and 
specimen collection locations (circle) in St. Joseph Bay (1B) along the Florida Gulf Coast 
(adapted from Florida Center for Instructional Technology, USF, 2009). 
  
B. sinistrum is characterized by blunt knobs around the shoulders of its 
whorls.  On the outermost whorl, ridges associated with each knob were 
assumed to represent periods of growth cessation, and one sample was 
collected from each side of the knob.  On the inner whorls, representing early-
mid ontonogenic growth, we collected samples at a sampling interval of ~5 mm, 
between each knob (Figure 3.3).  The samples collected from F. tulipa were 
taken in groves parallel to the growth lines at a sampling interval of ~5 mm in the 
juvenile portion of the shell and ~3 mm in the adult portion of the shell (Figure 
3.3), because juvenile mollusk growth is typically faster than mature growth 
(Geiger, 2006).  After the initial drilling, additional samples were re-drilled on 
each specimen to increase sampling resolution near the interpreted seasonal 
highs and lows.  
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Figure 3.3:  Sample locations.  3.3A Approximate sample locations on B. sinistrum (as viewed 
from the top of the shell).  3.3B Approximate sample locations on F. tulipa. Scale bar = 1 cm.  
   
3.3.2 Stable Isotope Analysis 
After drilling, the aragonite samples were then dried in a low temperature 
oven (~60 °C) to remove any excess moisture. The samples from the Tampa Bay 
specimens were dissolved in 100% H3PO4 at 70 °C, and the resulting gas was 
analyzed on a Thermo Finnigan Delta+XL Isotope Ratio Mass Spectrometer 
(IRMS) in dual-inlet mode coupled to a Kiel-III carbonate preparation system, 
located at the Paleoceanography, Paleoclimatology, and Biogeochemistry 
Laboratory at the University of South Florida College of Marine Science.  
Analytical precision based on daily measurements of NBS-19 (n > 500) over the 
12 months preceding analysis, is ± 0.06‰ for oxygen and ± 0.04‰ for carbon1.  
Data are expressed in standard delta (δ) notation, where  
δ = [(18O/16Osample)/(18O/16Ostandard) – 1] x 1000      (3.1) 
for oxygen isotopes, and 13C/12C replaces 18O/16O in equation 3.1 for carbon 
isotopes. 
1In addition to daily measurements of NBS-19, a suite of standards is used to calibrate the IRMS 
several times annually.  These standards (and their accepted values) include NBS-19 (δ18O = -
2.20; δ13C = 1.95), NBS-18 (δ18O = -23.05; δ13C = -5.04), Carrera Marble (CM) -146 (δ18O = -
2.48; δ13C = 2.44), Atlantis II coral sample (δ18O = 3.41; δ13C = 1.95), and Chi Cal (δ18O = -11.67; 
δ13C = -7.90). 
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 The St. Joseph Bay samples were dissolved in >100% H3PO4 at 25 oC for 
24 hrs. The resulting CO2 cromatographically separated and focused and was 
then analyzed on a Thermo Finnigan Delta V Advantage IRMS in continuous flow 
mode coupled to a Gasbench II preparation device, located in the Stable Isotope 
Laboratory at the University of South Florida Department of Geology. Analytical 
precision based on repeated measurements of the reference standard NBS-192 
(n = 40) is ± 0.10‰ for oxygen and ± 0.06‰ for carbon. All values of δ18O and 
δ13C are reported in per mil units with respect to the Vienna PeeDee Belemnite 
(VPDB) isotopic standard. 
3.3.3 Environmental Data 
The Tampa Bay specimens were collected ~2 km away from Marine 
Water Monitoring Site # 24 (27.588° N, 82.619° W) (Figure 3.2A), maintained by 
the Environmental Protection Commission of Hillsborough County (EPCHC). This 
station has monitored water quality parameters (including temperature and 
salinity) since 1974, and is the closest water monitoring station to the site of 
specimen collection. The St. Joseph Bay specimens were collected near the 
Mosquito Trail beach area.  The Florida Department of Environmental Protection 
(FLDEP) collects water quality parameters from Site LW5 in St. Joseph Bay 
(29.760° N, 85.384° W), located ~200 m from the Mosquito Trail location (Figure 
3.2B).  
At the EPCHC monitoring station, Tampa Bay bottom-water temperatures, 
at 3.5 m depth, ranged from 31.3 to 12.2 °C (Figure 3.4), with a mean yearly  
 
2Accpeted value for NBS-19 is -2.20 for δ18O and 1.95 δ13C. 
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temperature of 23.9 °C (1σ = 5.3 °C) between 2001 and 2005. At the FLDEP 
monitoring station, St. Joseph Bay bottom water temperatures ranged from 33.1 
to 10.2 °C (Figure 3.4), with an mean temperature of 21.7 °C (1σ = 6.4 °C) 
between 2003 and 2008. Salinity at the Tampa Bay site ranged from 22.4 psu to 
35.8 psu, with a mean of 31.1 psu (1σ = 2.7 psu). In St. Joseph Bay, salinity 
ranged from 22.5 psu to 35.5 psu, with a mean of 30.5 psu (1σ = 2.9 psu) from 
2003 to 2008 (Figure 3.3).  The five years of environmental data prior to 
collection for each site (2001 through 2006 for Tampa Bay, 2003 to 2008 for St. 
Joseph Bay) are presented (Figure 3.4), based on the approximate maximum 
lifespan of the collected specimens (Section 3.5.1). 
 
Figure 3.4: Historic water quality parameters.  Sea surface temperature (black), sea surface 
salinity (dashed grey)), and calculated δ18Opred (grey) for each collection site (data from the 
Environmental Protection Commission of Hillsborough County and from the Florida Department of 
Environmental Protection). 
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3.3.4 Predicted δ18O and δ18Owater Determination 
To test if these predatory gastropods faithfully record the full range of 
summer and winter temperatures, we calculated the predicted seasonal range of 
δ18O aragonite (δ18Opred) precipitated in environmental equilibrium for each site 
based on temperature measurements (T) and using a constant value for the δ18O 
of seawater (δ18OSW), using the Grossman and Ku (1986) equation for mollusks, 
reorganized to solve for δ18Opred:  
δ18Opred = (20.6 - T)/4.34 + δ18OSW  (3.2) 
where δ18Opred is expressed relative to PDB and δ18OSW is expressed relative to 
SMOW.   
Monthly variations in δ18OSW were not measured at either water monitoring 
location.  While δ18OSW can be derived from a regional linear relationship with 
salinity (e.g., Surge et al., 2001; Elliot et al., 2003), no relationship between 
salinity and δ18OSW has been derived for the Tampa Bay or St. Joseph Bay 
sample sites.  For this reason, we used constant values of δ18OSW derived from 
the Global Seawater Oxygen-18 Database (Schmidt et al., 1999).  This database, 
constructed on a gridded dataset comprised of over 22,000 global δ18OSW 
measurements, was used to approximate mean δ18OSW values for the mouth of 
Tampa Bay (0.75‰) and St. Joseph Bay (0.50‰).  Using a single, constant value 
for δ18OSW is a common, practical approach when performing paleotemperature 
reconstructions (e.g., Andreasson and Schmidz, 2000; Tripati et al., 2001). 
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3.3.5 Statistical Analysis 
Correlations between δ18Oshell and δ13Cshell were compared using the 
Pearson’s Product Moment Correlation Coefficient, and p-levels were set at 0.05.  
All analyses were performed using PAST software (Hammer et al., 2001).   
3.4 Results 
3.4.1 Shell Length 
Measured as shell length from apex to the tip of siphon, the B. sinistrum 
and F. tulipa specimens were between 120 and 150 mm long and 90 and 140 
mm long, respectively.  B. sinistrum ranges in size from ~100 mm to 450 mm 
long, and F. tulipa ranges from ~75 mm to 120 mm long, but can be up to 250 
mm long (Abbott, 1954).  As observed by Paine (1963), the average length of B. 
sinistrum and F. tulipa in northwest Florida is 250 mm and 170 mm, respectively, 
so the shells used in this study are smaller than the average sizes observed in 
that study.  Samples were collected along the spiral growth direction of the shell, 
and in B. sinistrum, this measured 334 mm and 299 mm long from the Tampa 
Bay and St. Joseph Bay specimens, respectively.  In F. tulipa, this measured 382 
mm and 292 mm long from the Tampa Bay and St. Joseph Bay specimens, 
respectively. 
3.4.2 Oxygen Isotope Geochemistry 
The mean δ18Oshell value for F. tulipa from Tampa Bay is -0.6‰ (n = 50, 1σ 
= 0.9‰) and ranges from 2.2‰ to -2.1‰.  The mean δ18Oshell value for B. 
sinistrum is -0.8‰ (n = 52, 1σ = 0.7‰) and ranges from 0.6‰ to -1.9‰ (Table 
3.1 and Figure 3.5).  The mean annual δ18Oshell profile amplitudes, representing 
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maximum seasonal temperature variations, are 2.8‰ over 3.5 years (1σ = 0.9‰) 
for F. tulipa and 2.0‰ over 4.5 years (1σ = 0.4‰) for B. sinistrum in Tampa Bay.  
The mean annual δ18Opred profile amplitude from Tampa Bay for the five years 
preceding sample collection is 3.7‰ (1σ = 0.8‰).     
In St. Joseph Bay, the mean δ18Oshell value for F. tulipa is -0.7‰ (n = 43, 
1σ = 0.6‰) and ranges from 0.8‰ to -2.1‰.  The mean δ18Oshell value for B. 
sinistrum is -0.7‰ (n = 68, 1σ = 1.0‰) and ranges from 2.1‰ to -2.4‰ (Table 
3.1 and Figure 3.5).  In St. Joseph Bay, over a 3.5 year interval, the mean annual 
δ18Oshell profile amplitudes for F. tulipa and B. sinistrum are 2.3‰ over 3.5 years 
(1σ = 0.24‰) and 3.1‰ over 3.5 years (1σ = 0.2‰), respectively.  The mean 
annual δ18Opred amplitude for St. Joseph Bay for the five years preceding sample 
collection is 4.3‰ (1σ = 0.3‰).  
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Table 3.1:  Measured and predicted Summer δ18O Minima and Winter δ18O Maxima for F. tulipa and B. sinistrum in Tampa Bay and St. 
Joseph Bay.  Offset is measured from predicted values: a negative offset means the measured is isotopically lighter than predicted, and a 
positive offset means the measured is isotopically heavier than the predicted.   Dashed line represents no data collected.  No data was 
collected in winter 2004 because the isotope record only extends back to summer 2004. No data was collected in summer 2007 because 
the organisms were collected from the field in June 2007 and did not grow during the warmest part of the year.  
                        
      Summer Winter Annual Range 
Location Species   Year δ
18Oshell 
(‰) 
δ18Opred 
(‰) 
Offset (from 
predicted) 
(‰) 
δ18Oshell 
(‰) 
δ18Opred 
(‰) 
Offset (from 
predicted) 
(‰) 
δ18Oshell 
(‰) 
δ18Opred 
(‰) 
Offset (from 
predicted) (‰) 
Tampa Bay F. tulipa 2003 -1.6 -1.7 0.2 2.2 2.6 -0.5 3.7 4.4 -0.6 
    2004 -2.1 -1.6 -0.5 0.7 1.8 -1.1 2.8 3.4 -0.6 
    2005 -2.0 -1.7 -0.4 -0.1 2.7 -2.8 1.9 4.4 -2.5 
    Mean -1.9 -1.7 -0.2 0.9 2.4 -1.5 2.8 4.1 -1.2 
  B. sinistrum 2002 -1.7 -1.5 -0.3 0.6 1.4 -0.7 2.3 2.8 -0.5 
    2003 -1.8 -1.7 -0.1 -0.3 2.6 -2.9 1.5 4.4 -2.8 
    2004 -1.2 -1.6 0.4 0.5 1.8 -1.3 1.8 3.4 -1.7 
    2005 -1.9 -1.7 -0.2 0.4 2.7 -2.3 2.3 4.4 -2.1 
    Mean -1.7 -1.6 0.0 0.3 2.1 -1.8 2.0 3.7 -1.8 
St. Joseph 
Bay F. tulipa 2004 -1.5 -1.6 0.1 --- 2.5 --- --- 4.1 --- 
    2005 -1.2 -1.4 0.2 0.8 2.9 -2.1 2.0 4.3 -2.3 
    2006 -2.1 -1.8 -0.3 0.2 2.3 -2.1 2.3 4.1 -1.8 
    2007 --- -2.2 --- 0.9 2.6 -1.7 --- 4.8 --- 
    Mean -1.6 -1.7 0.1 0.7 2.6 -1.9 2.3 4.3 -2.1 
  B. sinistrum 2004 -2.4 -1.6 -0.8 --- 2.5 --- --- 4.1 --- 
    2005 -1.2 -1.4 0.2 2.1 2.9 -0.8 3.3 4.3 -1.1 
    2006 -2.1 -1.8 -0.3 1.0 2.3 -1.4 3.0 4.1 -1.1 
    2007 --- -2.2 --- 0.6 2.6 -2.1 --- 4.8 --- 
    Mean -1.9 -1.7 -0.1 1.2 2.6 -1.4 3.1 4.3 -1.3 
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Figure 3.5: Sample locations and isotope profiles for B. sinistrum and F. tulipa for Tampa Bay 
and St. Joseph Bay.  The δ18Oshell (black line) and δ13Cshell (grey line) are plotted on an inverse y-
axis and distance is measured in mm from the apex along the spiral growth axis. Dotted lines 
above (below) the δ18O profiles represent the predicted δ18O summer minima (winter maxima) for 
each year in Tampa Bay and St. Joseph Bay.  Scale bar = 1 cm. 
 
3.4.3 Carbon Isotopes  
The shells from Tampa Bay are consistently more depleted in mean 
δ13Cshell than the St. Joseph Bay shells.  The mean δ13Cshell is -2.8 ‰ (n = 50, 1σ 
= 0.9‰) for F. tulipa and -3.3‰ (n = 52, 1σ = 0.6‰) for B. sinistrum in Tampa 
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Bay, whereas it is -0.9‰ (n = 43, 1σ = 0.6‰) for F. tulipa and -1.0‰ (n = 68, 1σ 
= 0.5‰) for B. sinistrum in St. Joseph Bay (Figure 3.6).  Furthermore, δ13Cshell is 
grouped by location rather than by species. 
There is a weak correlation between δ13Cshell and δ18Oshell in the shells 
from Tampa Bay (r2 = 0.22 for F. tulipa and r2 = 0.14 for B. sinistrum).  Likewise, 
the shells from St. Joseph Bay do not exhibit a strong correlation between    
δ13Cshell and δ18Oshell (r2 < 0.01 for F. tulipa and r2 = 0.08 for B. sinistrum) 
(regressions not shown in Figure 3.6). 
 
Figure 3.6: Plot of δ13C versus δ18O for all shells.  δ13Cshell and δ18Oshell are not strongly correlated 
for any of the four specimens (see text for correlation coefficients).  
 
3.5 Discussion 
3.5.1 Applicability as Climate Proxies: Comparing δ18Oshell and δ18Opred 
Biogenic carbonate oxygen isotope fluctuations from shells in Florida are 
controlled primarily by temperature fluctuations (e.g., Elliot et al., 2003; Surge 
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and Walker, 2006), although localized variations in the δ18O of seawater (δ18OSW) 
from river runoff, precipitation, and evaporation may also influence the amplitude 
of the measured δ18O oscillations in the biogenic carbonate (δ18Oshell) (e.g., 
Surge et al., 2001).  Typically, the δ18Oshell time series yield seasonal oscillations 
with δ18Oshell minima representing approximate maximum summer temperatures 
and δ18Oshell maxima representing approximate minimum winter temperatures.  
As each specimen was collected alive at a known date, approximate seasonal 
dates, such as “summer 2005,” could be assigned to each δ18Oshell oscillation, 
based on the yearly summer temperature maxima and winter minima.  Busycon 
sinistrum and F. tulipa from St. Joseph Bay and F. tulipa from Tampa Bay lived 
3.5 years prior to collection.  Busycon sinistrum from Tampa Bay lived 4.5 years 
prior to collection. 
The mean sample resolution is 16 samples per year for F. tulipa and 13 
samples per year for B. sinistrum in Tampa Bay.  The mean sample resolution is 
16 samples per year for F. tulipa and 18 samples per year for B. sinistrum in St. 
Joseph Bay.  This sampling resolution is higher than a monthly sampling 
resolution, and assuming mollusks follow the same model as corals, is sufficient 
to potentially capture the full annual range in monthly mean temperature 
recorded in each shell (Quinn et al., 1996).    
To test if these predatory gastropods faithfully record the extent of 
summer and winter temperatures, we compare the maximum and minimum 
δ18Oshell with δ18Opred for each year based on temperature measurements (Table 
3.1).  The mean annual δ18Oshell minima, representing summer, of F. tulipa and B. 
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sinistrum are 0.2‰ and 0.1‰ more depleted, respectively, than the 
corresponding δ18Opred summer values.  The mean annual δ18Oshell maxima, 
representing winter, of F. tulipa and B. sinistrum are 1.5‰ and 1.8‰ more 
depleted, respectively, than the corresponding δ18Opred winter values.   
As with the specimens from Tampa Bay, we compare δ18Oshell with δ18Opred 
for St. Joseph Bay for each year based on temperature measurements (Table 
3.1).  The average δ18Oshell minimum of F. tulipa is 0.1‰ more enriched than 
δ18Opred summer values.  The δ18Oshell minimum of B. sinistrum is 0.1‰ more 
depleted than the δ18Opred summer values.  The mean δ18Oshell maxima of F. 
tulipa and B. sinistrum are 1.9‰ and 1.4‰ more depleted, respectively, than the 
δ18Opred winter values.   
Comparing the yearly and mean summer minima and winter maxima for 
δ18Oshell and δ18Opred (Figure 3.4 and Table 3.1) demonstrates that F. tulipa 
growth is during the summer and concurrent with observed summer seasonal 
activity.  Conversely, B. sinistrum does not grow in the winter months when it is 
active.  The mean difference between summer δ18Oshell and δ18Opred for all four 
specimens is 0.1‰ (1σ = 0.1‰), but the mean difference between winter δ18Oshell 
and δ18Opred for all four specimens is 1.7‰ (1σ = 0.3‰).  This comparison 
between δ18Oshell and δ18Opred indicates both species grow during the summer 
and cease growth during part of the winter.  Additionally, the δ18Oshell seasonal 
range for all four shells is at least 25% lower than the corresponding δ18Opred 
seasonal range. 
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3.5.2 Estimation of Salinity Error 
The δ18Opred is based on temperature variations and uses a constant value 
for δ18OSW based on the Global Seawater Oxygen-18 Database.  While practical, 
using a constant value for δ18OSW is a potential source of error in this study, 
because annual salinity variations are observed in both Tampa Bay and St. 
Joseph Bay (Section 3.3.1).  Unlike temperature, lower salinity is expressed as 
negative δ18O excursions due to the addition of isotopically light meteoric water, 
whereas higher salinity is expressed as positive δ18O excursions due to the 
preferential evaporation of 18O and reduced input of meteoric water.   
In Tampa Bay, salinity is typically lower during the warmest part of the 
year, so the effects of salinity (low δ18O) and temperature (low δ18O) are additive.  
Therefore, the predicted seasonal highs and lows could be underestimated, and 
seasonal differences between δ18Opred and δ18Oshell would be amplified if both 
temperature and salinity were used to calculate δ18Opred.  In this scenario, 
seasonal shell growth interruption may have occurred but could be overlooked in 
the isotope record.  The δ18Oshell summer minima of both species are more 
depleted than the δ18Opred in all but one year, but δ18Oshell exceeding δ18Opred 
during the summer is not unexpected as monthly salinity variations are not 
included in δ18Opred calculations.  Neither species’ δ18Oshell winter maxima 
reaches or exceeds the potentially underestimated δ18Opred for the winter in 
Tampa Bay, so we interpret this as a cessation of shell growth during the winter 
months.   
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Like the Tampa Bay samples, the δ18Oshell summer minima of both species 
from St. Joseph Bay are almost equivalent or more depleted than the δ18Opred in 
all but one year, but neither species is more enriched than the δ18Opred winter 
maxima.  In St. Joseph Bay, salinity and temperature are not consistently 
inversely correlated, and during those periods of lower salinity during the winter 
months, the effects of salinity are subtractive, δ18Opred could be overestimated, 
and seasonal shell growth cessation may be inferred from the isotope record 
even if none existed.   
To determine if δ18Opred is overestimated, especially during periods of 
inferred growth cessation during the winter months, δ18OSW is calculated based 
on existing δ18OSW-salinity relationships from the northern extent of the Ten 
Thousand Islands region in southwest Florida (Surge et al., 2001), Cedar Key 
north of Tampa Bay (Yobbi, 1992), and Terrebonne Bay in the Mississippi Delta 
(Kirby et al., 1998).  In each of these calibrations, δ18OSW increases by 0.12 – 
0.13‰ for every 1 psu increase in salinity.  In other words, a 1.0‰ increase in 
δ18OSW represents a ~8.0 psu increase in salinity.  The mean winter offsets of 
δ18Oshell to δ18Opred are 1.3‰ for F. tulipa and 2.1‰ for B. sinistrum, which would 
represent a ~10.1 psu and ~16.5 psu change in salinity, respectively.  The 
average annual salinity range is less than 10 psu, and it is unlikely that any error 
in winter δ18Opred due to monthly salinity variations would equal or exceed the 
annual salinity range, given the agreement with summer δ18Oshell and δ18Opred in 
both species.  The differences between δ18Oshell and δ18Opred winter maxima 
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represent periods of growth cessation and are not a consequence of using a 
constant rather than fluctuating δ18OSW for δ18Opred.  
Therefore, using a constant δ18OSW based on the Global Seawater 
Oxygen-18 Database and water temperature fluctuations for δ18Opred, neither F. 
tulipa nor B. sinistrum grows during the coldest months of the year.  While F. 
tulipa growth is concurrent with observed seasonal feeding activity, B. sinistrum 
does not grow during its “active” winter-feeding season.  The δ18Oshell profiles of 
both species are valuable summer paleotemperature proxies; however, neither 
species, independently or combined, would provide accurate winter 
paleotemperature estimates or a range in seasonality.   
3.5.3 Seasonal Growth/Predation Habits 
 Periodic growth is common in several Neogastropod species (Vermeij and 
Signor, 1992), and can be controlled by endogenous timekeeping mechanisms 
(biological clocks) (Schöne, 2008).  Associating a biological causal mechanism to 
periodic growth in specific species is beneficial for the prediction of shell growth 
cessation in the fossil record.  Therefore, predation activities of both species are 
considered as a possible driver of seasonal growth cessation. 
Fasciolaria tulipa is a gastropod with a wedging-style of predation 
(Feifarek, 1987) found in the Gulf of Mexico and northwestern Atlantic coast.  
Fasciolaria tulipa uses its thin, toothed lip to wedge open the shells of bivalve 
prey (Feifarek, 1987).  Fasciolaria tulipa also consumes gastropod prey (Paine, 
1963; Jory, 1982) and will occasionally “pirate” prey by dislodging another 
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predator to utilize the exiting hole on the shell to feed (Paine, 1963), although 
neither of these methods is dependent on the lip for penetration.       
Fasciolaria tulipa bivalve predation often leaves little to no damage to the 
shell of its prey; however, the edge of the thin lip of F. tulipa occasionally is 
caught between the closing valves of the prey and chipped (Wells, 1958; Paine, 
1963; Feifarek, 1987; Dunham et al., 2009).  Fasciolaria tulipa must wedge its lip 
into the body cavity area of a narrowly opened bivalve prey (Feifarek, 1987), and 
a newly-formed, thin lip is ideal for F. tulipa predation. The optimal time for F. 
tulipa shell growth is concurrent with the active summer feeding season in 
Florida, so the animal can maintain a thin wedging lip.    
Unlike F. tulipa, B. sinistrum is a chipping-style predatory gastropod found 
in the Gulf of Mexico and northwestern Atlantic coast (Paine, 1963; Dietl, 2004).  
Busycon sinistrum uses the thick lip of its shell to attack bivalves by striking the 
prey’s shell with its concave, reinforced lip (Colton, 1908; Magalhaes, 1948; 
Paine, 1963; Dietl, 2003a,b, 2004).  Predation can be damaging to B. sinistrum, 
as is evident in laboratory experiments and repair scars found on the lip of typical 
B. sinistrum specimens (Dietl, 2003a).  Repair scars are divided into three 
categories and include minor chips in the “old-growth” lip that do not decrease 
predation performance, truncate-embayed scars in new thin-lip growth, and 
occasionally, wedge-scalloped scars in recently secreted shell (Dietl, 2003a).  Of 
these, truncate-embayed scars are the most severe representing a significant 
time and energy investment in repair.  An old-growth, thickened lip that has not 
undergone recent extensions is ideal for B. sinistrum because it is less likely to 
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break with its more aggressive style of chipping predation (Dietl, 2003a).  
Observations of B. sinistrum predation in a laboratory experiment reveal that, of 
the 1350 feeding observations, 92% (n = 1242) occurred during the old-growth 
phase (Dietl, 2003a), which suggests whelks time their feeding to occur after lip 
thickening and avoid feeding during periods of lip extension, when the lip is razor 
thin, even though this is the time of rapid tissue growth and size increase.   
Therefore, the optimal time for B. sinistrum growth is in the summer, well 
before the active feeding season in the winter, which allows the new razor thin 
growing edge of the lip to thicken and strengthen, reducing the potential for shell 
breakage.  A review of scar frequency from the Pliocene and Pleistocene shell 
beds in Florida showed a decrease in truncate-embayed scar frequency from 
63% in the Late Pliocene to 20% in the Late Pleistocene (Dietl, 2003b).  As 
truncate-embayed scars represent predation during the new growth phase, 
predation and shell growth were presumably more synchronous in the Pliocene 
than in the Pleistocene (Dietl, 2003a,b).  Over time, B. sinistrum appears to have 
increasingly mismatched its seasons of growth and feeding to allow for shell 
growth and thickening before predation.  The opposite seasons of growth and 
feeding appear to be a relatively recent adaptation, possibly in response to 
increasingly thick prey (Dietl, 2003b).            
The seasonality of growth in B. sinistrum is therefore not related to 
observed seasonal predation activity, but the growth pattern observed in B. 
sinistrum can be explained by an interpretation of an energy-optimization model 
based on its chipping predation style and possible predation pressure on B. 
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sinistrum.  The energy optimization model is often applied to predator-prey 
interactions as the optimal foraging theory, which predicts that organisms will 
forage and consume food in such a way as to maximize their net energy return 
(Charnov, 1976; Smith, 1978; Hughes, 1979; Rapport, 1980; Kitchell et al., 1981; 
Pyke, 1984; Brown and Kotler, 2004).  Even though shell growth is energetically 
costly (Palmer, 1992), especially during periods of fasting, asynchronous shell 
growth and feeding activities increases predation performance on hard-shelled 
bivalve prey (Dietl, 2003b).  The predation performance increase from the 
Pliocene could be the result of behavior selection of whelks that wait to feed until 
after the lip has thickened (Dietl, 2003b).  Additionally, shell breakage caused by 
predation can decrease growth rate, leaving B. sinistrum vulnerable to 
durophagous predators (Dietl, 2003a).  However, the frequency of durophagous 
repair scars and feeding-induced repair scars are out of phase in the fossil 
record, suggesting B. sinistrum predation, not predators, drives whelk behavior 
(Dietl, 2003b).  The energetic cost of growth associated with using energy stored 
in the muscle while fasting could be high, as was observed in the king salmon 
(Greene, 1919, 1921), but increased predation performance appears to outweigh 
the negative costs associated with shell growth while fasting. 
3.5.4 Longevity Estimates 
Oxygen isotope profiles from invertebrate shells are also used in 
determinations of life history (e.g., Jones et al., 1986; Ivany et al., 2003).  
Seasonal oscillations in the δ18Oshell records reveal that all four snails were less 
than five years old at the time of collection.  A growth curve for B. carica, a 
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congener of B. sinistrum, calculated from marked and recaptured mixed-sex 
whelks using the von Bertalanffy grow curve from South Carolina (Eversole et al., 
2008), suggests that the two B. sinistrum were potentially ~20-40 years old at the 
time of collection (Figure 3.6).  Another growth curve for B. carica, generated 
from laboratory-reared males from Virginia (Kraeuter et al., 1989), suggests the 
two B. sinistrum may have been ~8-11 years old at the time of collection (Figure 
3.7).  However, both of these curves were generated from populations in more 
northerly, cooler environments.  The B. sinistrum specimens in this study were 
juveniles, but closer to the predicted age based on the Kraeuter et al. (1989) 
growth curve rather than the Eversole et al. (2008) curve.  All four specimens are 
smaller than the maximum reported size by Abbott (1954), and larger specimens 
of both F. tulipa and B. sinistrum are observed in the nearshore marine 
environment in Florida (Paine, 1963).  Larger and presumably older specimens 
could produce a longer multi-year isotopic record.    
 
Figure 3.7:  B. carica growth curves.  Growth curves for B. carica reproduced from Eversole et al. 
(2008) and Kraeuter et al. (1989).  Diamonds represent the placement of the two B. sinistrum on 
each curve based on size.   Note the different scale in the x-axis. 
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3.5.5 Carbon Isotopes 
Carbon isotopic variations are controlled by the dissolved inorganic carbon 
(DIC) of seawater (Mook and Vogel, 1968; Fritz and Poplawski, 1974), the pH of 
seawater (Spero et al., 1997), and physical processes such as respiration 
(Tanaka et al., 1986; Klein et al., 1996; Gillikin et al., 2007) and photosynthesis of 
symbionts, if present (McConnaughey, 1989; Rio et al., 1992).  The δ13Cshell 
values from St. Joseph Bay are generally more enriched than the δ13Cshell values 
from Tampa Bay, and this grouping by locality rather than species suggests that 
the carbon isotope values in these gastropods are controlled by environment 
(DIC or pH) rather than species-specific vital effects (Figure 3.6).    
In laboratory experiments, an increase in seawater pH (and [CO32-]) was 
correlated with a decrease in δ13C (Spero et al., 1997).  However, as the mean 
pH during the study period is 8.1 (1σ = 0.1) (EPCHC; FLDEP) in both Tampa Bay 
and St. Joseph Bay, seawater pH appears to have little effect on δ13Cshell values 
in these regions.  
Variations in δ13CDIC can be inferred from secondary proxies, such as 
chlorophyll, representing primary productivity, and salinity, representing terrestrial 
δ13CDIC influx.  Primary productivity alters δ13CDIC because the formation of 
organic matter preferentially incorporates 12C during the metabolic reduction of 
carbon, thus enriching the seawater with 13C (Sharp, 2007).  However, based on 
measured chlorophyll levels from the water monitoring stations in Tampa Bay 
(5.6 µg/l; 1σ = 3.5 µg/l) (EPCHC) and St. Joseph Bay (2.5 µg/l; 1σ = 0.2 µg/l) 
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(FLDEP), primary productivity appears higher in Tampa Bay, despite the lower 
δ13Cshell values.     
Nearshore marine seawater δ13CDIC can also be controlled the mixing of 
marine and terrestrial water sources, dominated by the local terrestrial vegetation 
isotopic signal and bedrock (Boutton, 1991), and can be inferred from salinity 
variations (Chanton and Lewis, 1999; Surge et al., 2001).  δ13CDIC variations in 
Apalachicola Bay in northwest Florida (Chanton and Lewis, 1999) and Ten 
Thousand Islands in southwest Florida (Surge et al., 2001) are positively 
correlated with salinity.  However, salinity in Tampa Bay (31.1 psu; 1σ = 2.7 psu) 
(EPCHC) is slightly higher than salinity in St. Joseph Bay (30.5 psu; 1σ = 2.9 
psu), despite lower δ13Cshell values in Tampa Bay.   
The general depletion of δ13C in the Tampa Bay organisms compared to 
the St. Joseph Bay organisms does not appear to be related to pH, chlorophyll, 
or salinity differences between the two environments.  However, other processes 
that affect DIC, such as local CO2 input from detrital decomposition (Boutton, 
1991) are difficult to estimate with existing environmental data, and cannot be 
compared with δ13Cshell values from Tampa Bay and St. Joseph Bay. 
3.6 Conclusions 
 Geochemical information derived from mollusks is potentially influenced 
by the timing of predation and shell growth.  The δ18Oshell profiles of the predatory 
gastropods B. sinistrum and F. tulipa in a sub-tropical environment faithfully 
record summer temperature variations, but do not adequately record winter 
temperature variations.  Fasciolaria tulipa, a wedging-style predator, utilizes its 
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thin, actively secreted lip during the summer predation season, thus grow is 
concurrent with previously observed feeding activities.  Conversely, B. sinistrum, 
a chipping-style predator, benefits from a thickened and strengthened lip and 
does not grow during the winter feeding season.  Shell growth occurs during 
previously assumed summer dormancy, which is unexpected considering the 
assumed metabolic depression during periods of fasting.  The asynchronous 
feeding/growth patterns may be an evolutionary response to increase predation 
efficiency on the hard-shelled prey of B. sinistrum (Dietl, 2003b).  Periods of 
growth cessation not concurrent with food availability are present in B. sinistrum.  
This documentation of an optimal-growth strategy is unique in predatory mollusks 
but likewise could be applicable for whelk prey and other durophagous predators.  
Biology and ecology should be considered during interpretation of mollusk 
isotope records in paleoclimatic reconstructions.   
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Chapter 4 
 
Seasonal Pliocene ENSO Teleconnections: Evidence from Florida Corals 
 
 
 
4.1  Abstract 
The temporal resolution of most Pliocene records are too coarse to 
capture interannual variability, leading to conflicting conclusions about the 
variability of the Pliocene El Niño-like system.  Reconstructed seasonal sea-
surface temperature and salinity variations from well-preserved Pliocene corals in 
Florida exhibit an increase in winter precipitation, characteristic of a modern 
severe El Niño event, however, concentrations of variance in the typical ENSO 
frequency band above the 95% confidence interval are not apparent in this high-
resolution proxy data.  Sustained, rather than intermittent, Pliocene El Niño-like 
conditions are a likely driver for the increased winter precipitation patterns 
observed in these high-resolution climate records.  
4.2 Introduction 
The El Niño-Southern Oscillation (ENSO) has global impacts on regional 
temperature and precipitation patterns through atmospheric teleconnections 
(e.g., Ropelewski and Halpert, 1987; Yoshida et al., 2007), and increasing global 
temperatures are expected to change the frequency and severity of ENSO 
variability (Diaz et al., 2001; Cane, 2005; Collins et al., 2005; Emile-Geay et al., 
2007; Collins et al., 2010).  However, simulations in general circulation models 
 
97 
(GCM) of ENSO variability with higher mean global temperatures give 
inconsistent results, with contrasting predictions of perennial El Niño-like 
conditions, perennial La Niña-like conditions, or no long-term changes (Collins et 
al., 2005). Furthermore, because globally warm temperatures and higher 
atmospheric CO2 are unprecedented in recent human history, the short 
instrument record available provides little useful insight. 
Paleoceanographic investigations are needed to establish long-term 
trends in ENSO variability, such as an increase or decrease in El Niño frequency, 
and are important for climate forecasting and regulatory planning.  The data from 
these investigations are beneficial for testing and improving GCM’s to reduce the 
uncertainty in future ENSO predictions.  Previous research using paleontological, 
biochemical, and geochemical SST proxies (e.g., Dowsett and Robinson, 2009 
and research done by the Pliocene Research, Interpretation, and Synoptic 
Mapping group) indicates that the Pliocene was significantly warmer than today, 
and the Pliocene Warm Period (PWP) can be considered a contemporaneous 
analogue to the predicted effects of modern global warming, characterized by 
continental positions and ice sheet configurations similar to modern geography 
(e.g. Robinson et al., 2008; Brierley et al., 2009).   
Future global warming could drive the Pacific Ocean to revert to the mean 
Pliocene state, which was characterized by warmer global temperatures, an 
expanded tropical warm pool, and a perennial El Niño-like state in the Pacific 
Ocean (Wara et al. 2005; Ravelo et al. 2004, 2006; Federov et al., 2006, 2010; 
Brierley et al, 2009).  Landmark studies (Chaisson and Ravelo, 2000; Wara et al., 
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2005; Ravelo et al., 2006) demonstrate a relatively homogeneous equatorial 
east-west temperature regime for the Pacific Ocean similar to severe El Niño 
events (Molnar and Cane, 2007).  This sustained El Niño-like system in the 
Pliocene Pacific Ocean is also thought to have had similar global climatic 
teleconnections as modern El Niño events despite differences in key boundary 
conditions, such as an open Central American Seaway and reduced Northern 
Hemisphere Glaciation, between the modern and Pliocene environments (Cane 
and Molnar, 2001; Molnar and Cane, 2002, 2007). 
However, the interannual variability the Pliocene El Niño-like system is 
uncertain.  The temporal resolution of most Pliocene teleconnection records is 
too coarse to capture decadal to sub-annual variations that define the modern 
ENSO.  An alternative explanation of the Pliocene Pacific Ocean is that warmer 
than modern sea surface temperatures (SST) persisted in the eastern equatorial 
Pacific (EEP) with ENSO variability similar to modern fluctuations (Haywood et 
al., 2007; Bonham et al., 2009).  Also, some of the global teleconnection data 
used to confirm the existence of El Niño-like teleconnections during the Pliocene 
have been interpreted other ways.  Cooler than modern temperatures in the Gulf 
of Mexico region during the Pliocene (Cronin and Dowsett, 1996; Willard et al., 
1993), for example, are also consistent with a regional upwelling zone (Allmon et 
al., 1996).     
The global teleconnection paleo-proxy data used to support a perennial El 
Niño during the Pliocene has also been brought into question from version 3 of 
the Hadley Centre coupled model (HadCM3), which found that most perennial El 
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Niño-like teleconnections can be reproduced with a warming of SST in the EEP 
with ENSO variability or even with a fixed east-west SST gradient in the Pacific 
(Bonham et al., 2009).  However, the Gulf of Mexico region, including Florida, in 
the HadCM3 predicts warmer temperatures (Bonham et al., 2009) than indicated 
by paleoclimate data (Cronin and Dowsett, 1996; Willard et al., 1993) in both a 
variable ENSO and forced constant SST gradient scenario.  Likewise, the 
HadCM3 model also predicts reduced precipitation over the Gulf of Mexico 
(Bonham et al., 2009), which is inconsistent with modern El Niño precipitation 
anomalies in Florida, a dominant signal of ENSO variability in the region (Carlson 
et al., 2003; Hagemeyer, 2006; Kelly and Gore, 2008).   
Modern El Niño teleconnections in peninsular Florida manifest as an 
anomalous increase in dry-season (winter) precipitation (Carlson et al., 2003; 
Hagemeyer, 2006; Kelly and Gore, 2008) and are related to the severity of the El 
Niño event.  During “typical” El Niño events (Chapter 2, p. 26), the greatest SST 
anomalies in the equatorial Pacific are between 180° and 160° W.  In peninsular 
Florida, there is a 13% increase in winter precipitation (October through May) 
coupled with a 3% decrease in summer precipitation (June through September) 
associated with typical El Niño events (precipitation data from the Southwest 
Florida Water Management District (SWFWMD); Figure 4.1).  The SST 
anomalies in the equatorial Pacific are closer to South America during “severe” El 
Niño events.  During the severe 1997 – 98 El Niño event, there was an 85% 
increase in winter precipitation coupled with a 14% decrease in summer 
precipitation in peninsular Florida (SWFWMD; Figure 4.1).  The Florida Palmer 
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Drought Severity Index (PDSI)1 and monthly averaged precipitation are both 
weakly correlated to the Multivariate ENSO Index (MEI)2 (r2 = 0.13 for PDSI and 
r2 = 0.02 for precipitation; Figure 4.2).  Additionally, winter precipitation 
surpassed summer precipitation in southwest Florida during the strong 1997-98 
El Niño (SWFWMD data).  This El Niño event is considered to be similar to the 
hypothesized perennial “Super El Niño” event in the Pliocene (Molnar and Cane, 
2007).  
 
Figure 4.1: Southwest Florida mean seasonal precipitation.  Mean summer (grey) and winter 
(black) precipitation for La Niña and El Niño years and “normal” years with no La Niña or El Niño 
events.  Winter precipitation during the severe 1997 – 1998 El Niño event is 85% higher than 
normal winter years, and is separated from typical El Niño events. (Data provided by SWFWMD.) 
 
 
 
1The PDSI is an index indicating the severity of a wet or dry spell discounting anthropogenic 
affects.   
2The MEI is a weighted combination of sea-level pressure, surface wind, sea surface 
temperature, surface air temperature, and total cloudiness over the tropical Pacific. 
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Figure 4.2: MEI, Florida PDSI, and Florida Temperature Anomaly.  Variations in the Multivariate 
ENSO Index (MEI), the Florida Palmer Drought Severity Index (PDSI) and temperature anomalies 
from 1950 – 2009.  Black line represents 2-year binomial filter of temperature anomalies.  Shaded 
bars represent El Niño events during same time periods, and a “severe wet spell” (greater than 4 
on the PDSI) occurs during every El Niño event in Florida.  Star denotes the severe 1997 – 98 El 
Niño events.  The 1997 – 98 event is considered to have similar teleconnections as the Pliocene 
perennial El Niño-like state (Molnar and Cane, 2007). 
 
El Niño precipitation anomalies in Florida are characterized by seasonal-
scale variations, and high-resolution records of Pliocene ENSO teleconnections 
are crucial to document the frequency and magnitude of periodic ENSO 
variations, if they exist.  Multi-decadal, subannual records can differentiate 
between the perennial El Niño, perennial La Niña, and variable ENSO Pliocene 
scenarios.  If the Pliocene Pacific Ocean had ENSO variations similar to the 
modern (Haywood et al., 2007; Bonham et al., 2009), we hypothesize a 
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southwest Florida precipitation pattern similar to what is observed in the 
instrumental record.   
Here, we present a seasonal record of Pliocene SST and sea surface 
salinity (SSS) from SW Florida.  Through geochemical records of two pristine 
Siderastrea spp. corals found in Bed 6 of the Pliocene Pinecrest Member shell 
beds in Sarasota on the southwest coast of Florida, we present an analysis of 
persistent Pliocene El Niño-like seasonal precipitation patterns in the Gulf of 
Mexico.  Corals provide ideal seasonal, multi-decadal climate proxy records with 
annual banding which provides a non-geochemical chronologic control and a 
skeletal structure which incorporates a variety of isotopic and minor element 
components ideal for paleoclimatic reconstructions (e.g., Emiliani et al., 1978; 
Fairbanks and Dodge, 1979; Quinn et al., 1998; Linsley et al., 2000, 2006; 
Corrège, 2006).  Modern Siderastrea spp. corals colonize areas avoided by other 
coral species due to their capacity to tolerate salinity fluctuations, turbid waters, 
and shallow burial during times of increase sediment input (Lirman et al., 2003; 
Lirman and Manzello, 2009).  The tendency for Siderastrea spp. corals to grow 
slowly (2-6 mm/year) (Moses et al., 2006; Maupin et al., 2008) results in a dense 
crystal structure, which lowers their susceptibility to diagenic alteration (Moses et 
al., 2006) and, thus, makes them ideal candidates for fossil geochemical studies.   
Use of oxygen isotopic composition of corals as a high-resolution proxy for 
SST and/or SSS is commonly employed in Holocene tropical paleoclimatic 
studies (e.g., Weber and Woodhead, 1972; Leder et al, 1996; Quinn et al., 
1996a, 1998; Linsley et al., 2000, 2006; Corrège, 2006).  Previous research has 
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documented the SST – δ18Ocoral and SST – Sr/Ca relationships for Siderastrea 
spp. corals in the Caribbean and Gulf of Mexico (Gischler and Oschmann, 2005; 
Moses et al., 2006; Maupin et al. 2008; DeLong et al., in prep).  The method of 
determining the δ18O of seawater (δ18OSW) from Sr/Ca and δ18Ocoral to reconstruct 
SSS has been used in various coral-based paleoclimate reconstructions 
(McCulloch et al., 1994; Gagan et al., 1998; Ren et al., 2002; Kilbourne et al., 
2004; Cahyarini et al., 2008).  We apply these established geochemical methods 
to test for the presence of seasonal-scale El Niño teleconnections in Florida in 
the Pliocene. 
4.3 Methods and Results (Supplementary Information) 
4.3.1 Testing Fossil Siderastrea spp. Corals for Diagenic Alteration 
Two corals, UF 35931 and UF 35438, were selected from the Florida 
Museum of Natural History Invertebrate Paleontology Collection for geochemical 
analysis. Both corals were collected from Bed 6 of the Late Pliocene Pinecrest 
Member of the Tamiami Formation at Richardson Road Shell Pit in Sarasota, 
Florida.  
Prior to geochemical analysis of the coral samples, sections of UF 35438 
were analyzed with XRD and SEM to test for the presence of diagenic alteration.  
Pieces of the coral skeleton were crushed to a fine powder in preparation for 
analysis.  X-ray powder diffraction patterns of all samples were analyzed in a 
Rigaku Miniflex powder diffractometer, equipped with a Cu anode, operating at 
45kV and 40mA.  Spectra were measured from 17o to 62o with a step size of 2σ. 
Peaks at 29.5o (2σ) were interpreted as calcite peaks, while peaks a 26.2o and 
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27.4o were interpreted as aragonite peaks (Davies and Hooper, 1963). No 
samples had peaks above background at 29.5o (2σ); therefore the amount of 
calcite in the coral samples is minimal (Figure 4.3A). 
The coral skeletons were also analyzed for secondary aragonite 
overgrowth using a Scanning Electron Microscope (SEM).  Secondary aragonite 
is a re-growth of aragonite crystals on the coral skeleton, and in some cases, 
secondary aragonite can grow less than 15 years after living tissue vacates the 
skeleton (Enmar et al., 2000; Hendy et al., 2007).  Scanning electron microscope 
images were collected from gold-coated slivers of the coral skeleton collected 
from several locations throughout the coral colony. Multiple images were 
collected from several coral slivers (Figure 4.3B) with only a minimal amount of 
secondary aragonite present. 
 
4.3.2. Coral Sampling Procedures 
Figure 4.3:  XRD and SEM Analysis.             
4.3A: Select results of XRD analysis, without 
a “calcite peak” at 29.5o.  4.3B: SEM photos 
of M2 coral, showing sections of the pristine 
aragonite skeleton. Scale bar = 500 µm 
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Both corals were sliced into 0.5 cm thick slabs, x-rayed, and sonicated in 
deionized water for 30 minutes.  The coral slab was then mounted to a computer-
aided triaxial sampling platform and samples for paired stable-isotope/trace 
element analysis were drilled from the coral thecal walls using a 1.4mm dental 
drill bit along continuous paths following the methodology described in detail by 
Quinn et al. (1996b).  Sample paths were selected where corallite walls most 
parallel to the lengthwise-axis of the slab were present.  Samples collected along 
corallite walls will capture a constant growth and thus continuous time increments 
(DeLong et al., 2007).  Specimen UF 35438 exhibited noticeable growth breaks 
in the slab; therefore, multiple paths were sampled to avoid these breaks while 
constructing a continuous record (section 4.3.4).  One sample was collected 
every 0.25 mm along the sample path, for approximately six samples per year as 
estimated by density bands in x-radiographs (Figures 4.4 and 4.5) 
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Figure 4.4: UF 35438 Geochemical Data.  4.4A: Photograph of UF 35438 coral slab with yellow 
bars representing the 5 sample paths.  4.4B: X-radiograph of same coral.  4.4C: Sr/Ca, δ18Ocoral 
and calculated δ18OSW for M2 Coral, interpolated to 6 samples per year in the 81-year long record.  
Black lines represent 2-year binomial filters for each dataset.  Error bars for each analysis (+ 
0.012 mmol/mol for Sr/Ca, + 0.10 ‰ for δ18Ocoral, and + 0.12 ‰ for δ18OSW) is located in the upper 
right corner. 4.4D: Correlation between calculated δ18OSW and Sr/Ca, significant above the 95% 
confidence interval (df = 162). Scale bar = 1 cm 
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Figure 4.5: UF 35931 Geochemical Data:  4.5A: Photo of UF 35931 with yellow bar representing 
sample path.  4.5B: X-radiograph same coral.  4.5C:  Sr/Ca, δ18Ocoral and calculated δ18OSW 
variations in M1 coral.  Black lines represent 2-year binomial filters for each dataset.  Error bars 
for each analysis (+ 0.012 mmol/mol for Sr/Ca, + 0.10 ‰ for δ18Ocoral, and + 0.12 ‰ for δ18OSW) is 
located in the upper right corner.  4.5D: Correlation between calculated δ18OSW and Sr/Ca, 
significant above the 95% confidence interval (df = 50).  Scale bar = 1 cm 
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4.3.3 Stable Isotope and Trace Element Analysis 
Stable isotope analyses were performed on ~200 µg of powdered 
aragonite split from the original sample and dried in low temperature oven 
(~60oC) to remove any excess moisture. The samples were then dissolved in 
>100% H3PO4 at 25oC for 24 hours. The resulting CO2, cromatographically 
separated and focused, was then analyzed on a Thermo Finnigan Delta V 
Advantage Isotope Ratio Mass Spectrometer in continuous flow mode coupled to 
a Gasbench II preparation device, located in the Stable Isotope Laboratory at the 
University of South Florida in Tampa, Florida. Data are expressed in standard 
delta (δ) notation, where  
δ = [(18O/16Osample)/(18O/16Ostandard) – 1] x 1000   (4.1) 
Analytical precision is ± 0.10‰ for oxygen, and + 0.06‰ for carbon, based 
on repeated measurements of the reference standard NBS-19 (1σ, n = 135), 
using a value of -2.20‰ for δ18O and 1.95‰ for δ13C.  All values are reported in 
per mil units (‰) with respect to the Vienna PeeDee Belemnite (VPDB) isotopic 
standard (Table 4.1). 
 
Table 4.1: δ18Ocoral results.  Descriptive statistics of the stable isotope analysis for both corals. 
  δ18Ocoral   
  Maximum Minimum Mean 1σ 
Mean 
Seasonal 
Range 
n 
(samples) 
n 
(years) 
UF 
35438 -1.44 ‰ -4.63 ‰  -3.02 ‰  0.37 ‰ 0.31 ‰ 484 81 
UF 
35931 -2.11 ‰ -3.69 ‰  -2.95 ‰ 0.35 ‰ 0.49 ‰  139 25 
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Analyses of Sr/Ca were performed by dissolving ~200 µg of powder into 
2% HNO3 to dilute the sample to ~20 ppm Ca.  Measurements of sample Sr/Ca 
ratios were made using a Perkin-Elmer 4300 Dual View Inductively Coupled 
Plasma Optical Emission Spectrometer (ICP-OES) located in the 
Paleoceanography, Paleoclimatology, and Biogeochemistry Laboratory at the 
University of South Florida in St. Petersburg, Florida.  The Sr/Ca of a 
gravimetrically prepared standard solution (IGS) was measured between each 
dissolved sample in order to correct for instrumental drift and noise (Schrag, 
1999). The average corrected precision of IGS was 0.008 mmol/mol (1σ, n = 85), 
based on batches of 5 consecutive measurements performed at the beginning 
and end of each 50-sample batch of samples.  A second standard consisting of 
homogenized powder from Porites lutea coral dissolved in 2% HNO3, was 
analyzed for Sr/Ca between every fifth sample analyzed.  The average precision 
of this second standard was 0.012 mmol/mol (1σ, n=120). All values are reported 
in mmol/mol units (Table 4.2). 
 
Table 4.2: Sr/Ca results.  Descriptive statistics of the trace element analysis for both corals. 
  Sr/Ca   
  Maximum (mmol/mol) 
Minimum 
(mmol/mol) 
Mean 
(mmol/mol) 
1σ 
(mmol/
mol) 
Mean 
Seasonal 
Range 
(mmol/mol) 
n 
(samples) 
n 
(years) 
UF 35438 9.236 8.731 9.041 0.080 0.039 484 81 
UF 35931 9.198 8.829 9.010 0.088 0.140 139 25 
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4.3.4 Condensing Multiple Sample Paths and Depth to Time Conversion 
On both corals, a chronology was established by cross-dating the paths 
following the method used by DeLong et al. (2007).  Relative time was assigned 
to each path by matching Sr/Ca minima with SST maxima (and vice-versa) on an 
idealized dated sinusoidal temperature record using AnalySeries software 
(Paillard et al., 1996) and linearly interpolated to even bi-monthly time intervals.  
A visual comparison between the density bands in the x-radiograph and 
geochemical years confirmed the accuracy of the age conversion.  Following 
relative time assignment, samples from UF 35931 aligned on a 25-year long time 
series. 
Specimen UF 35438 had several noticeable partial growth breaks in the 
slab, so, to avoid growth breaks and to assess geochemical reproducibility within 
the coral, four overlapping paths were drilled along the growth axis of the M2 
coral.  A fifth overlapping record was drilled to resample a five year section of 
geochemical data missing in the middle of the timeseries due to instrument 
malfunction (Figure 4.4).  All of these paths were converted to relative time as 
described above. 
The five time-domain paths were then aligned for the final coral time 
series.  Matching Sr/Ca variations between sections along the growth axis of the 
coral were aligned in overlapping portion of each path.  Correlations between the 
overlapping sections of the Sr/Ca record were compared using the Pearson’s 
Product Moment Correlation Coefficient (Hammer and Harper, 2006) in Past 
(Hammer et al., 2001), and tested at the 5% significance level (p < 0.05).  All five 
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overlapping sections were strongly correlated (r2 > 0.75), confirming the 
continuity between the different sample tracts and geochemical reproducibility.  
Following relative time assignment, samples from UF 35438 aligned on an 81-
year long time series.  
4.3.5 Calculating δ18OSW  
  We calculate SSS variations using the method described by Ren et al. 
(2002), assuming Sr/Ca variations are a function of only SST and δ18Ocoral 
variations are a function of both SST and δ18OSW. We subtract the mean from 
both Sr/Ca and δ18Ocoral timeseries because the strontium and oxygen isotope 
content of seawater in the Pliocene is poorly constrained.  We use equation 4.2, 
derived from Ren et al. (2002), to calculate δ18OSW.  
δ18OSW = δ18Ocoral – 0.21‰/oC * ((Sr/Ca)/0.039 mmol/mol/oC)  (4.2) 
The slope for Sr/Ca – SST (-0.039 mmol/mol/oC) is derived from a modern S. 
siderea in the Gulf of Mexico (Maupin et al., 2008).  As the contribution for 
δ18OSW to δ18Ocoral has not been quantified for the Dry Tortugas, the location of 
the modern S. siderea calibration, we use an average slope generally accepted 
for biogenic carbonate δ18O – SST (-0.21‰/oC) (Epstein et al., 1953; Weber and 
Woodhead, 1972; McConnaughey, 1989; Shen et al., 1992; Wellington et al., 
1996; Ren et al., 2002).   
The relative error for δ18OSW is + 0.13‰, propagated from the analytical 
errors in Sr/Ca and δ18Ocoral and the errors from each slope calculation.  This 
error estimate does not necessarily reflect the actual error of the δ18Osw 
reconstruction, which would be the sum of the error propagation plus noise 
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related to any non-climatic factors that may influence the proxies.  While we 
cannot calibrate error related to noise, the error propagation provides important 
constraints on δ18Osw reconstructions. 
4.4 Results and Discussion 
The Sr/Ca variations are a function of only SST, but the δ18Ocoral variations 
are a function of both SST and δ18OSW.  However, the contribution of SST to 
δ18Ocoral variations is limited based on the reduced shared variance of the 
δ18Ocoral and Sr/Ca timeseries (11% and 56% for UF 35438 and UF 35931).  
Estimated δ18Osw (SSS) and Sr/Ca (SST) are negatively correlated (r2 = 0.46, df 
= 162, p <0.05 for UF 35438; r2 = 0.58, df = 50, p < 0.05 for UF 35931) (Figures 
4.4 and 4.5), suggesting the Pliocene fossil corals experienced lower salinity 
during the colder months. The pattern of lower δ18Osw values during the cooler 
months and higher δ18Osw values during the warmer months is apparent in 60 
years in the 81-year long (74%) and 23 years in the 25-year long (92%) coral 
records (Figures 4.4 and 4.5).  The negative correlation of δ18Osw (SSS) and 
Sr/Ca (SST) suggests that either winter precipitation was higher than summer or 
winter and summer precipitation were approximately equal, with intensive 
evaporative processes in the summer responsible for the higher salinity in the 
warmer months.  The modern (historic) climate of peninsular Florida is 
characterized by summer-dominated precipitation and a dry winter season, and 
this trend of lower winter salinity is the opposite of observations in modern 
Florida, except during severe El Niño events (Carlson et al., 2003; Hagemeyer, 
2006; Kelly and Gore, 2008). 
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Modern summer precipitation in peninsular Florida is primarily delivered by 
thunderstorm convection (Cooper et al., 1982; Obeysekera et al., 1999).  During 
the Pliocene, when mean sea level was 5 m – 40 m higher than present (Raymo 
et al., 2009), the areal extent of the Florida Peninsula was reduced, which could 
have reduced the frequency of summer thunderstorm convection and, 
consequently, precipitation.  Reduced summer precipitation, coupled with 
intensive evaporative processes, could result in the “reversed” SSS patterns 
apparent in the Pliocene geochemical proxies.  However, this explanation only 
applies if the paleoenvironment where the stacked corals lived was a back-
barrier lagoon with restricted circulation. 
An increase in winter precipitation could also cause the reversed seasonal 
SSS patterns, and several global climate phenomena anomalously increase 
winter precipitation in peninsular Florida, including the warm phase of the Atlantic 
Multidecadal Oscillation (AMO), the negative phase of the North Atlantic 
Oscillation (NAO), and the warm phase of ENSO (Enfield et al., 2001).  A warm 
AMO and a negative NAO are unlikely given existing Pliocene boundary 
conditions.  A warm AMO coincides with an increase in thermohaline circulation 
(THC) (Dima and Lohmann, 2007), but during the Pliocene, a warm AMO is 
unlikely given the proposed relatively weaker thermohaline circulation in the 
North Atlantic at that time (Haywood and Valdes, 2004).  A negative NAO, 
characterized by a minimal gradient between a weak Azores high and a weak 
Icelandic Low (Hurrell et al., 2003), is also unlikely given the proposed strong 
Azores high and Icelandic low in Pliocene model reconstructions (Haywood et al., 
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2000).  ENSO is the strongest driver of modern precipitation anomalies in the 
Florida peninsula (Hagemeyer, 2006), and the proposed perennial Pliocene El 
Niño (the warm phase on ENSO) is a probable explanation for the increase in 
winter precipitation and lower salinity during the winter months. 
The Sr/Ca, δ18Ocoral, and estimated δ18Osw records are also examined for 
variability in signal frequency.  The temporal resolution of previous Pliocene 
sediment core records of a perennial El Niño-like state are too coarse to capture 
decadal to sub-annual variations that define the modern ENSO.  Alternative 
explanations for Pliocene climate anomalies involve warmer than modern SST in 
the EEP with ENSO variability similar to modern fluctuations as is apparent the 
climate module simulation, instead of a perennial El Niño-like state (Haywood et 
al., 2007; Bonham et al., 2009).  The Sr/Ca, δ18Ocoral, and estimated δ18Osw do 
not display concentrations of variance in the typical ENSO frequency band (2 – 7 
years; e.g., Cane, 2005; Collins et al., 2010) above the 95% confidence interval 
(Figure 4.6 in Appendix 4.1).  Likewise, the δ13C record does not have a 
periodicity (6-year) in the typical ENSO frequency band above the 95% 
confidence interval (Figure 4.6, Appendix 4.1), but coral δ13C records can 
represent several different proxies (e.g., McConnaughey, 1989).  A previously 
published high-resolution Pliocene coral stable isotope record has frequencies in 
the typical ENSO band for both δ18O and δ13C, but the most prominent peaks 
occur in the δ13C record, interpreted as variability in cloudiness cycles (Roulier 
and Quinn, 1995). 
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Precipitation anomalies are well documented as a strong El Niño 
teleconnection in Florida (Carlson et al., 2003; Hagemeyer, 2006; Kelly and 
Gore, 2008).  Variations in SSS controlled by changes in seasonal precipitation 
patterns would reflect the presence or absence of ENSO variability.  The 
negative correlation of δ18Osw and Sr/Ca and inferred low winter SSS suggests 
higher winter precipitation, similar to modern El Niño teleconnections.  The lack 
of ENSO-like frequencies in the Sr/Ca, δ18Ocoral, and estimated δ18Osw records 
suggest a permanent, rather than intermittent event.  Therefore the precipitation 
pattern inferred from SW Florida Pliocene seasonal salinity variations are 
compatible with previous conclusions of high SST in the EEP and a relatively 
homogeneous equatorial east-west temperature regime for the Pacific Ocean 
(Chaisson and Ravelo, 2000; Wara et al., 2005; Ravelo et al., 2006) similar to 
severe El Niño events (Molnar and Cane, 2007).   
However, the multi-decadal, sub-seasonal coral SSS records contradict 
previous research suggesting a Pliocene La Niña scenario (Rickaby and 
Halloran, 2005) and GCM’s suggesting Pliocene ENSO fluctuations (Haywood et 
al., 2007; Bonham et al., 2009).  Bonham et al. (2009) suggests global anomalies 
similar to modern El Niño teleconnections can be achieved in both a perennial El 
Niño and variable ENSO scenarios in the HadCM3, except for the Gulf of Mexico 
region.   
 Increased winter precipitation in southeast North America linked to 
modern El Niño events is not reproduced in the HadCM3, but Bonham et al. 
(2009) cites poor spatial resolution in the paleoclimate data, indicating the only 
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evidence for a wetter Pliocene climate in that region is from Texas (Thompson, 
1991), which is replicated in the HadCM3.  The precipitation patterns inferred 
from the new high-resolution coral records from Florida are not replicated in the 
HadCM3, and suggest the model results, at least for the northeastern Gulf of 
Mexico, are inaccurate.  The high-resolution proxy data from the northeastern 
Gulf of Mexico does not indicate drier conditions, as predicted by the HadCM3 
(Bonham et al., 2009), but is consistent with the previously proposed perennial El 
Niño-like phenomenon (e.g., Ravelo et al., 2006) with teleconnections similar to a 
severe modern El Niño event (Molnar and Cane, 2007). 
Assuming the Pliocene El Niño-like state produced teleconnections similar 
to the strong 1997 – 98 El Niño event (Molnar and Cane 2007), summer 
precipitation would have been slightly less than modern, winter precipitation 
would have surpassed summer, and combined annual precipitation in Florida 
would have been higher than the present.  Previous geomorphological data also 
suggests high annual precipitation rates and pluvial conditions inferred from 
prograding deltas across the Florida Platform during the Pliocene (Hine et al., 
2009), which are uncommon in the modern environment.  Deposits of quartz 
pebbles in southwest Florida likewise confirm enhanced river transport 
(Cunningham et al., 2003; Hine et al., 2009).  Increased annual precipitation may 
have also increased nutrient runoff, thereby supporting the highly productive 
nearshore marine community represented in the Pliocene shell beds of 
southwest Florida.   
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The Pliocene is considered a close analogue to future global warming, 
despite different boundary conditions (e.g., open seaways) from the modern 
(Robinson et al., 2008).  If an increase in mean global temperature destabilizes 
the equatorial Pacific thermal gradient, similar to the Pliocene perennial El Niño-
like state (Ravelo et al., 2006), then global El Niño teleconnections could 
increase in frequency and severity, thus changing regional climate patterns, 
similar to what is reconstructed for in the Pliocene.  In Florida, modern El Niño 
teleconnections result in a decrease in winter vegetable production (Hansen et 
al., 1999) and widespread phytoplankton blooms along the southwest Florida 
Gulf Coast from excessive terrestrial nutrient influx (Carlson et al., 2003).  Using 
climate proxies with seasonal-scale resolution is useful to address issues 
important for climate forecasting and regulatory planning.  Understanding 
regional climate variations during the Pliocene will increase the confidence of 
predictability of these teleconnections in models of future climate change. 
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4.5  Appendix – Time Series Analysis and δ13C Record   
Coral δ13C is controlled by the dissolved inorganic carbon (DIC) reservoir 
in seawater at the time of carbonate precipitation and CO2 diffusion into the 
calcification space, which varies with coral respiration and photosynthetic 
activities of endosymbiotic algae.  Respiration lowers δ13C, but its effect on δ13C 
is minimal in corals (McConnaughey, 1989).  Photosynthesis raises δ13C 
(McConnaughey, 1989), and coral δ13C records have been interpreted as a proxy 
for sunlight intensity/availability and cloudiness (e.g., Weber et al., 1976; 
Fairbanks and Dodge, 1979; Roulier and Quinn, 1995).  However, the amount 
CO2 that diffuses into the calcification space affecting DIC increases as pH 
increases (McConnaughey, 2003), so the δ13C records of corals living in low pH 
(more acidic) seawater would be less affected by photosynthesis than corals 
living in high pH seawater.   
 The Pliocene Sr/Ca, δ18O, estimated δ18Osw and δ13C records do not have 
periodicities in the typical ENSO frequency band of 2 – 7 years.  However, 
because there are multiple potential sources for δ13C variations (changes in 
sunlight variability and changes in seawater DIC variations), multiple 
interpretations of the δ13C proxy are plausible and not limited exclusively to 
ENSO teleconnections. 
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Figure 4.6: Periodograms of UF 35438 geochemical records.  Sr/Ca, δ18O, estimated δ18Osw and 
δ13C do not have significant periods in the typical ENSO frequency band (2-7 years) above the 
red-noise 95% confidence interval. Note log scale of y-axis.    
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Chapter 5 
 
Marine Phosphates in the Plio-Pleistocene Beds of Southwest Florida: 
Implications for Nutrient Sources and Biotic Turnover 
 
 
 
5.1 Abstract 
Marine phosphate concentrations, estimated from the geochemical 
analyses of pristine fossil corals from the Pliocene and Pleistocene shell beds of 
southwest Florida, were significantly higher in the Pliocene Tamiami Fm. than in 
the Early Pleistocene Caloosahatchee and Bermont Fms.  The Plio-Pleistocene 
boundary in southwest Florida was marked by nutrient decline several million 
years after the previously documented nutrient decline in the western Caribbean, 
suggesting a local rather than a regional source for Pliocene marine phosphates.  
Additionally, high-resolution P/Ca analyses of Pliocene coral reveal no evidence 
of seasonality required by hypothesized nutrient delivery mechanisms.  
Nonetheless, as in the Caribbean, nutrient decline preceded local extinction by > 
0.5 Ma.     
5.2 Introduction 
The Pliocene shell beds of southwest Florida contain some of the most 
fossil-rich deposits in the world, and paleontological evidence indicates that 
nearshore habitats in this region during at least part of the Pliocene were 
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nutrient-rich and highly productive (Allmon et al., 1996).  Following the Pliocene, 
many invertebrate and vertebrate taxa in Florida (Stanley, 1986; Allmon et al., 
1993; Petuch, 1995) and adjacent regions (Vermeij and Petuch, 1986; Jackson 
and Johnson, 2000) became extinct.   
The timing and number of Late Neogene extinctions in Florida has been 
debated.  Previous research suggested (1) an initial extinction event at ~3.2 Ma 
followed by several pulses over the next 1 million years (Stanley, 1986), (2) a 
drop in diversity at the Plio-Pleistocene boundary balanced with high origination 
rates (Allmon et al., 1993), and (3) a two-staged drop in diversity at 2.5 Ma and 
1.8 Ma (Petuch, 1995).  However, recent research, using rigorous standardized 
bulk sampling techniques to correct for sampling biases, points to a single 
extinction event at ~1.8 Ma (Herbert et al., 2008). 
Several possible causes for the reduction in diversity have been proposed, 
including loss of habitat due to changes in sea level (Petuch, 1982), the onset of 
Northern Hemisphere Glaciation (Stanley, 1986; Petuch, 1982, 1995), and 
nutrient decline (Jones and Allmon, 1995; Allmon et al., 1996; Allmon, 2001).  
Stanley (1986) ruled out a drop in sea level as a driver of extinction, citing lower 
survivorship among Western Atlantic fauna along a broad continental shelf than 
eastern Pacific (San Diego) fauna along a narrow continental shelf.  Following 
the drop in sea level, the Western Atlantic fauna had a larger area for survival 
than the eastern Pacific fauna; therefore the reduction of the nearshore marine 
environment caused by a drop in sea level would have had little effect on the 
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survivorship of the Western Atlantic fauna (Stanley, 1986).  Stanley (1986) 
attributed the extinction event to cooler temperatures, specifically the initiation of 
the first cold-air winter outbreaks at the onset of Northern Hemisphere glaciation.  
Stenothermal species in Florida suffered a heavy extinction because they were 
unable to shift their geographic range south of Florida into the Caribbean 
(Stanley, 1986). 
An alternative explanation is the idea that the ecosystems collapsed due 
to nutrient reduction and loss of primary producers (e.g., Allmon et al., 1996; 
Allmon, 2001).  This idea builds off the work by Woodring (1966), who 
hypothesized that, following a reorganization of oceanic circulation after the 
closure of the Central American Seaway (CAS), food supply and nutrients would 
have declined in the Caribbean.  Foraminifera stable isotope evidence (Keigwin, 
1982), changes in foraminifera assemblages (Collins, 1996), percent sediment 
carbonate (O’Dea et al., 2007), and high mean annual temperature range 
estimated from bryozoans as a proxy for upwelling (O’dea et al., 2007) suggest 
that shallow waters in the Caribbean may have been more nutrient-rich prior to 
the closure of the CAS.  However, the evidence for nutrient decline in the 
Caribbean predates the biological changes observed in the Caribbean by ~2 
million years (O’Dea et al., 2007), which indicates that either extinction lagged 
environmental change by some intrinsic biological mechanism or that some 
other, as yet unknown, mechanism was involved. 
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In Florida, paleobiological evidence suggests the timing of nutrient decline 
possibly occurred later and much closer to the time of the extinction event at ~2 
Ma.  For example, in the Pinecrest Beds, which were deposited 3.5 to 2.5 Ma, 
there are several indicator taxa normally associated with cold, nutrient rich 
waters, such as turritellid gastropod-dominated assemblages (TDAs), seabirds 
and marine mammals (cetaceans, pinnipeds, etc.), and an absence of organisms 
that prefer oligotrophic waters, such as calcareous algae and hermatypic corals 
(Allmon et al., 1996).  Some of this evidence, however, is potentially misleading 
and could be interpreted other ways.  For example, TDAs have been reported 
from both eutrophic and oligotrophic (carbonate-dominated) strata (Allmon and 
Knight, 1993; Allmon and Cohen, 2003) and may also form due to taphonomic 
processes alone, such as current-driven accumulation (Herbert and Harries, 
personal observation).  Also, and as recognized by Allmon et al. (1996), high 
density of fossils in the pre-extinction shell beds that was purported to indicate 
high productivity (i.e. high nutrient concentrations) also characterizes younger 
strata deposited during times when nutrient concentrations were supposedly 
much lower.  Additionally, high nutrients in modern marine environments that 
create eutrophic conditions are usually characterized by lower species diversity 
(Jørgensen and Richardson, 1996; Rönnberg and Bonsdorff, 2004), contrary to 
the high species diversity observed in the late Pliocene fossil deposits (Allmon et 
al., 1993; Petuch, 1995; Herbert et al., 2008).  
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One of the only geochemical studies to examine nutrient concentrations in 
Florida from the Pliocene is a record of Ba/Ca ratios in the coral Solenastrea 
bourni (Kayser, 1995).  This study found that nutrient concentrations prior to the 
extinction ranged from two times higher than to roughly equivalent with those of 
modern corals (Kayser, 1995).  While coralline Ba/Ca has been used as a proxy 
for relative changes in upwelling intensity (Lea et al., 1989; Fallon et al., 1999), 
this proxy has also been linked to elevated riverine discharge (McCulloch et al., 
2003; Lewis et al., 2007).  However, the coral Ba/Ca technique is not calibrated 
for limiting nutrients, which directly control biological productivity, and there has 
been no geochemical studies comparing limiting nutrients in the Florida shell 
beds before and after the extinction event. 
Nitrogen (N) and phosphorus (P) are two nutrients that limit macroalgal 
growth in Florida nearshore marine environments along the Florida Gulf Coast 
(Lapointe, 1989; Smith et al., 1999; Fourqurean and Zieman, 2002; Fourqurean 
and Cai, 2001).  N:P ratios in seagrass indicate variations in N and P limitation 
along the Floirda Gulf Coast, with P as the primary limiting nutrient in Florida Bay 
but N-limitation dominant in Charlotte Harbor (Fourqurean and Cai, 2001).  In 
Tampa Bay, N:P ratios in seagrass indicate weak N-limitation (Fourqurean and 
Cai, 2001), and restrictions of both N and P loading into Hillsborough Bay in the 
upper end of Tampa Bay were followed by an almost immediate reduction in 
plankton biomass (Smith et al., 1999).  Quantifying past variations in either of 
these limiting nutrients and the timing of changes is needed to test whether an 
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environmental shift to more oligotrophic conditions possibly triggered the Florida 
extinctions. 
Coral P/Ca variations provide a measurement of the limiting nutrient P 
through marine phosphate (PO4SW) variations.  Recent research has successfully 
calibrated skeletal phosphorus (P/Ca) variations in corals (Porites spp. and 
Pavona spp.) from the Gulf of Panama with PO4SW (equations 5.1 and 5.2) 
(LaVigne et al., 2008; LaVigne et al., 2010).  The linear relationship between 
coral P/Ca and PO4SW documented in other coral species (LaVigne et al., 2010) 
suggests a linear relationship between P/Ca and PO4SW in Siderastrea spp. 
corals as well.     
 
P/CaPorites lobata (µmol/mol) = (21.1 + 2.4) PO4SW (µmol/kg) + (14.3 + 3.8)    (5.1) 
P/CaPavona gigantea (µmol/mol) = (29.2 + 1.4) PO4SW (µmol/kg) + (33.4 + 2.7)      (5.2) 
 
In these modern corals, P is incorporated as both “intracrystalline” (organic plus 
inorganic P bound between or within individual aragonite crystals) and “non-
intracrystalline” (coral tissue, endolithic algae, fungi, and bacteria) (LaVigne et 
al., 2008).  Below the residual tissue layer, “intracrystalline” skeletal P/Ca can be 
used to reconstruct fluctuations in PO4SW (LaVigne et al., 2008).    
In this study, we analyze P/Ca from Pliocene and Pleistocene fossil 
Siderastrea spp. corals to examine the abundance of limiting nutrients and the 
timing of their purported decline in Florida.  By examining nutrient concentrations 
from corals collected from the three major stratigraphic units of interest for the 
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Florida extinction (Late Pliocene Pinecrest Member of the Tamiami Fm., Earliest 
Pleistocene Caloosahatchee Fm., and the late Early Pleistocene Bermont Fm.), 
the timing of a nutrient change can also be compared with the timing of 
extinction.  Based on the most recent assessment that the extinctions occurred in 
a single pulse at ~1.8 Ma (Herbert et al., 2008) and the consensus view that the 
event was triggered by a decline in nutrients (Allmon et al., 1996), we expect to 
find a decrease in P/Ca concentrations in corals around ~1.8 Ma, or the 
boundary between the Caloosahatchee and Bermont Fms. 
With high-resolution seasonal-scale analyses of P/Ca and Sr/Ca we are 
also able to test some of the hypothesized nutrient delivery mechanisms.  
Previous research suggested that the source of high nutrients in the southwest 
Florida Pliocene nearshore marine environment was either a globally higher P 
concentration, a more nutrient-rich Atlantic Ocean prior to closure of the CAS that 
would have let in nutrients from the Pacific, or local upwelling along the 
continental shelf in what is now southwest Florida (Allmon et al., 1996).  The age 
of most phosphorite deposits in the southeastern United States, including Florida, 
implies highest P availability in the shallow shelf environment from the Late 
Oligocene to the Late Miocene (Compton et al., 1990), at least three million years 
prior to the deposition of the Pinecrest Member shell beds and nearly four million 
years prior to the extinctions.  However, global P accumulation rates, as 
interpreted from the sediment record, shows a strong peak at 5-6 Ma followed by 
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a sharp decline to 1-2 Ma (Filippelli and Delaney, 1994), which better matches 
the timing of the extinctions.   
At the same time, stable isotope geochemical evidence from the Florida 
Pliocene beds have been interpreted as indicative of a localized upwelling zone 
(Jones and Allmon, 1995; Allmon et al., 1996).  In the Pliocene, as in modern 
coastal upwelling zones associated with eastern boundary currents (EBC), mean 
wind flow direction was equatorward and the associated Ekman transport pushed 
water offshore, causing coastal upwelling onto the continental shelf (Allmon et 
al., 1996).  Following the closure of the CAS, there was a reorganization of 
currents in the Caribbean (Maier-Reimer et al., 1990), and an assumed 
strengthening of the Loop Current in the Gulf of Mexico (Bruner, 1984).  The 
strengthened Loop Current would have likely increased the coastal pressure 
gradient along the southwest Florida Gulf Coast, depressed the thermocline near 
the coast, and dissipated local upwelling (Allmon et al., 1996).  
The strengthening of the Loop Current would have intensified eddy-driven 
upwelling that is occasionally observed in the modern southwest Floirda Gulf 
coastal environment (Paluszkiewicz et al., 1983; Vukovich, 1986; He and 
Weisberg, 2003; Barth et al., 2008).  However, nutrients delivery by eddy-driven 
upwelling is considered minimal compared to the hypothesized Pliocene EBC-
driven upwelling region (Allmon et al., 1996). 
Previous geochemical evidence of local Pliocene upwelling includes stable 
isotope variations from several mollusks, including Turritella gladeensis, Turritella 
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apicalis, Mercenaria campechiensis, and Carolinapectin eboreus (Jones and 
Allmon, 1995).  In general, an upwelling region is characterized by cold water 
enriched in nutrients.  That upwelling signal translates to enriched (higher) δ18O 
values coinciding with depleted (lower) δ13C values in the isotopic record of 
mollusk shells sampled serially along the axis of growth.  In the Pliocene mollusk 
shells studied, an upwelling signal consistently appears during the transition 
period from warm summer months to cool winter months (Allmon et al., 1996).  
However, the isotopic upwelling signature observed in some Florida Pliocene 
mollusks (Jones and Allmon, 1995; Allmon et al., 1996) is not consistently found 
in the isotopic analyses of Pliocene Mercenaria spp. shells and is also found with 
equal, if not increased, frequency in younger material (Kasprak et al., 2007), 
suggesting either a flawed isotopic model or that upwelling was not ubiquitous in 
Florida during the Pliocene. 
Kayser (1995) suggested an alternative hypothesis of terrestrial nutrient 
sources in the Pliocene nearshore marine environment of southwest Florida, but 
could not unequivocally identify the mechanism.  High-resolution P/Ca analysis 
from a Siderastrea spp. fossil coral from the Pliocene beds in southwest Florida 
provide an opportunity to examine the seasonal timing of nutrient pulses to the 
nearshore marine environment, thus testing the upwelling hypotheses.  Utilizing 
Sr/Ca as a sea surface temperature (SST) proxy for Siderastrea spp. (after 
Maupin et al., 2008; DeLong et al., in prep.) and coupling Sr/Ca and δ18O to 
calculate the δ18O of seawater (δ18OSW) (Chapter 4), we compare not only the 
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seasonality of marine phosphate addition to the nearshore marine environment 
(through P/Ca) but also its correlation with δ18OSW (a proxy for sea surface 
salinity (SSS) and rainfall and evaporative processes). 
5.3. Geologic Setting 
While fossil beds in Florida span most of the Cenozoic, this study uses 
individual Siderastrea spp. corals from the Late Pliocene Pinecrest Member of 
the Tamiami Fm., the Earliest Pleistocene Caloosahatchee Fm., and the Late 
Early Pleistocene Bermont Fm. (Figure 5.1) in south Florida.  These beds consist 
of shelly sands, limestones, and marls representative of nearshore marine 
environments and are significantly exposed only at the numerous aggregate 
quarries of the southern Florida peninsula (Petuch, 1982; Lyons, 1991).  Using 
isotope ratio dating (U-series and Sr-series) and biostratigraphic correlation with 
other dated fossiliferous deposits along the Atlantic coastal plain, the Pinecrest 
Member was deposited from 3.0 to 3.5 Ma, the Caloosahatchee Fm. was 
deposited between 1.8 to 2.5 Ma, and the Bermont Fm. was deposited between 
1.1 to 1.6 Ma (Lyons, 1991).  The Pinecrest Beds are sub-divided into the lower 
Pinecrest Member of the Tamiami Fm. (beds 9 – 5 from Petuch, 1982), and 
upper Pinecrest Beds (beds 4 – 2 from Petuch, 1982), also referred to as the 
coeval Fruitville and Golden Gate Members (Vermeij, 2005).  The Pliocene corals 
analyzed in this studied are from bed 6 of the lower Pinecrest Member. 
Each unit formed when sea level was higher than present.  The 
depositional environmental represents a shallow water to mid-shelf environment, 
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a determination based on ostracode, foraminiferal, and mollusk assemblages 
(Petuch, 1982; Allmon, 1993; Willard et al., 1993), the occurrence of 
taphonomically abraded fossils indicative of depth above wave base (Emslie et 
al., 1996), and silica salts representative of a lagoonal environment (Meyer et al., 
in prep).  
Additionally, the Siderastrea spp. corals have two distinct morphologies, 
“stacked pancake” and “ball,” both of which represent a coastal environment.  
The corals with the stacked pancake morphology are convex, dome-shaped coral 
colonies, indicative of a low energy, possibly lagoonal environment, with sporadic 
high sedimentation rate events (Yonge, 1935; Lasker, 1980; Cuevas et al., 
2008).  The defining feature of the stacked pancake Siderastrea spp. corals is 
the repeating, but apparently infrequent and irregular growth breaks in which part 
of the coral colony died and was regenerated from the remaining polyps near the 
top of the dome.  This mortality pattern is consistent with occasional events of 
high sedimentation rates that would have buried the lower portion of the colony.   
The ball-shaped corals formed in a shallow shelf environment with wave 
velocities similar to modern wave velocities on the east coast of Florida (Sorauf 
and Harries, 2009).  Based on the abundance of fine-grained sediment and lack 
of winnowing in the lower Bermont Fm. where some of the ball Siderastrea spp. 
corals were collected, Sorauf and Harries (2009) hypothesized that these corals 
grew on bare patches in seagrass-dominated shoal environments. 
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Figure 5.1: Florida stratigraphic column.  The Tamiami Fm., Upper Pinecrest Beds, 
Caloosahatchee Fm., and Bermont Fm. are depicted (after Lyons et al., 2001). 
 
Both coral morphologies represent slightly different environments but are 
found in the same fossil deposits, suggesting either adjacent microhabitats or 
that one or both types of coral morphology were transported prior to deposition.  
Regardless of the amount of transport prior to deposition, both morphologies are 
ideal for recording the timing and level of nutrient input in two distinct coastal 
environments.  
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5.4 Methods 
5.4.1 Sample Collection 
To compare mean nutrient concentrations for each formation, replicate 
bulk carbonate samples were collected from ball and stacked pancake 
Siderastrea spp. corals for trace element analysis.  These corals included 
Siderastrea spp. from bed 6 of the Pinecrest Member of the Tamiami Fm. (from 
Richardson Road Shell Pit), the Caloosahatchee Fm. (from Cochran Shell Pit 
and Longan Lakes), and the Bermont Fm. (from Palm Beach Aggregates, South 
Bay 2, Capelletti Brothers, and Belle Glade shell pits) (Figure 5.2).   
Corals with stacked pancake and ball morphologies were analyzed from 
each of the units.  From the Pinecrest Member, 18 stacked pancake and two ball 
corals were sampled.  From the Caloosahatchee Fm., two stacked pancake and 
18 ball corals were sampled.  From the Bermont Fm., four stacked pancake and 
16 ball corals were sampled.     
Each coral was sliced in half and sonicated in deionized water for 30 min.  
After thoroughly drying the coral halves, samples were collected with a hand-held 
drill with a 0.5 mm diameter carbide drill bit.  Samples were collected from three 
locations on each coral corresponding to early-, mid-, and late-ontogenetic 
growth.  Each sample location consisted of a 2 mm by 3 mm box designed to 
capture one high-density (winter) and one low-density (summer) growth band, 
which represents ~1 year of growth (Knutson et al., 1972), along a single 
corallite, based on visual confirmation of the corallite width and previous 
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Figure 5.2: Site location map. Florida is situated on the southeast North American continent, 
between the Gulf of Mexico and the North Atlantic Ocean.  Fossils were collected from several 
locations in southern Florida.  Modern marine phosphate data from Rookery Bay is described in 
section 5.6.2.  (Adapted from Florida Center for Instructional Technology, USF, 2009.) 
 
estimates of Siderastrea spp. growth rates (Moses et al., 2006; Maupin et al., 
2008).  To reduce the effects of brief anomalous nutrient excursions, the three 
samples from each coral were then averaged to calculate a mean P/Ca value for 
each coral.  These values were then used to test for differences in mean nutrient 
concentrations between formations. 
In addition to examining mean P/Ca values between formations, 
seasonally resolved samples were collected from one Pliocene Siderastrea spp. 
coral with a stacked pancake morphology from bed 6 of the Pinecrest Member of 
the Tamiami Fm. to test the Allmon et al. (1996) autumn upwelling hypothesis.  
Testing of the seasonal timing of nutrient input into nearshore coastal habitats 
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requires subannual temporal resolution in coral geochemical proxy records, 
which can be accomplished by micro-sampling individual growth bands.  The 
Pinecrest Member coral was sliced into a 0.5 cm thick slab, x-rayed, and 
sonicated in deionized water for 30 min.   
The coral slab was then mounted to a computer-aided triaxial sampling 
platform and samples for paired stable-isotope (δ18O) /trace element analysis 
were drilled from the coral thecal walls using a 1.4mm dental drill bit along 
continuous paths following the methodology described in detail by Quinn et al. 
(1996).  Sample paths were selected where corallite walls most parallel to the 
lengthwise-axis of the slab were present.  Samples collected along corallite walls 
will capture a constant growth and thus continuous time increments (DeLong et 
al., 2007).  One sample was collected every 0.25 mm along the sample path, 
corresponding to approximately six samples per year of skeletal extension as 
estimated by the existence of annual cycles in the geochemical data (Chapter 4).   
Below the organic tissue layer, samples treated in a chemical solution 
designed to remove non-intracrystalline material gave results similar to samples 
that were sonicated in deionized water, demonstrating that ~90% of P is 
incorporated in the intracrystalline phase (LaVigne et al., 2008).  Thus, sonicating 
in deionized water is sufficient to remove the majority of non-intracrystalline 
phosphorus in the fossil corals, and P trapped in the intracrystalline portion of the 
coral skeleton can be examined as fluctuations in P/Ca along the growth axis of 
the coral skeleton (LaVigne et al., 2008).  Assuming the Pliocene Siderastrea 
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spp. corals incorporate P in the same manner as the modern Pavona spp. and 
Porites spp. corals, treating each sample in a chemical solution is an 
unnecessary extraneous step, and sonicating the coral skeleton in deionized 
water should be sufficient to examine P/Ca variations in fossil Siderastrea spp.  
5.4.2 Geochemical Analysis 
A subset of samples were prepared and analyzed for P/Ca following the 
methodology described in LaVigne et al. (2010) for an initial test to determine if 
P/Ca concentrations in fossil corals were above machine detection limits.  Some 
of these samples were then re-analyzed following the methodology described 
below to test if the different methods of acid digestion biased the results.     
The samples were prepared and analyzed for P/Ca similar to the 
methodology described by LaVigne et al. (2010), but with a different type of 
digestive acid.  In order to minimize differential plasma matrix effects between 
samples during analysis (de Villiers et al., 1994; Rosenthal et al., 1999), 200 µg 
of powdered coral was dissolved into 100 µL of concentrated, OPTIMA grade 1 N 
Hydrochloric Acid (HCL) spiked with 40 ppb Indium (In) to a achieve a 40 mM Ca 
solution. Samples were further diluted to 2 mM Ca (5% HCl with 2 ppb In) 
solution with 950 µL of 18.2 MΩ-cm Millipore distilled, diluted water for analysis 
on a Perkin-Elmer Elan DRC II Quadrupole Inductively Coupled Plasma Mass 
Spectrometer housed at the Geochemistry Laboratory at the University of South 
Florida Department of Geology.  Indium was used to measure and correct for 
machine drift and noise. 
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Sample concentration was calibrated from two sets of laboratory-prepared 
standards (for multiple trace elements and for calcium).  For the trace element 
standards, five sets of standard concentrations were spiked with CaCO3 
Puratronic® from Alfa Aesar (stock # 43073, lot # B02U036) for matrix matching.  
Precision, based on the average corrected value of P/Ca ratios of a matrix-
matched prepared limestone consistency standard (JLs-1 from the Geological 
Survey of Japan) measured every 10 samples, was 10.1 µmol/mol (1σ, n = 214). 
A second set of matrix matched consistency standards, consisting of 
homogenized powder from a Pliocene Siderastrea spp. coral was analyzed 
randomly throughout each set of analyses, and the average precision of was 
6.03 µmol/mol (1σ, n = 54).  
Stable isotope (δ18O), Sr/Ca, and estimated δ18O of seawater (δ18OSW) 
variations were determined in seasonally resolved samples following the 
methodology described in detail in Chapter 4. 
5.4.3 Age Model for Pliocene Seasonal Samples 
Relative time was assigned to the paired P/Ca, Sr/Ca, and coral δ18O 
depth series of the Pliocene seasonal samples (Chapter 4) by matching Sr/Ca 
minima with SST maxima (and vise versa) on an idealized dated sinusoidal 
temperature record, using AnalySeries software (Paillard et al., 1996) and 
linearly interpolated to even bi-monthly time intervals.  A visual comparison 
between the density bands in the x-radiographs and geochemical years 
confirmed the accuracy of the age conversion.   
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The coral exhibited noticeable growth breaks in the slab, and multiple 
sample paths were drilled to avoid these breaks.  The overlapping records were 
aligned to ensure a continuous record throughout the coral (Chapter 4).  The 81-
year chronology was established by cross-dating the paths following the method 
used by DeLong et al. (2007).     
5.4.4 Statistical Analysis 
Several different statistical tests were used to assess the relationship 
between different sets of data.  A student’s t-test (Hammer and Harper, 2006) 
was used to compare P/Ca values analyzed using HCl (section 5.4.2) with a 
previous published methodology for P/Ca analysis using HNO3 (LaVigne et al., 
2010).  Additionally, the two datasets were compared using the Pearson’s 
Product Moment Correlation Coefficient (Hammer and Harper, 2006).  A 
student’s t-test was also used to compare mean P/Ca concentrations between 
the Pinecrest Member, the Caloosahatchee Fm., and the Bermont Fm. samples.  
Correlations between modern PO4SW and salinity and between the Pinecrest 
Member coral seasonal P/Ca, Sr/Ca, and calculated δ18OSW were compared 
using the Pearson’s Product Moment Correlation Coefficient.  For the student’s t-
test and the Pearson’s Product Moment Correlation, p – values below 0.05 were 
considered statistically significant.  These analyses were performed using PAST 
software (Hammer et al., 2001).  Finally, a spectral analysis of the P/Ca time 
series conducted to test for seasonal periodicity was performed using the Lomb 
Periodogram method in Redift (Press et al., 1992, Schulz and Mudelsee, 2002).  
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A red noise line was calculated at p = 0.05 and peaks rising above that line were 
considered statistically significant.  
5.5 Results 
5.5.1. Comparing P/Ca Analysis Methodology 
Previous research examining P/Ca variations in modern corals used a 
slightly different methodology for sample analysis (LaVigne et al., 2010).  
Previously analyzed coral samples were digested with diluted HNO3 prior to 
analysis, while coral samples described in this chapter were digested with HCl 
prior to analysis on a different machine with lower sensitivity than that used by 
LaVigne et al. (2010).  To confirm that samples digested in HCl (methodology 
described in section 5.4.2) are comparable to samples digested in HNO3 
(methodology described in LaVigne et al., 2010), a subset of samples (n = 28, 
including 5 duplicates) were split for preparation and analysis following the 
methodology and instrumentation described by LaVigne et al. (2010).  
The differences between the two datasets were not statistically significant 
(student’s t-test, p = 0.52), and therefore we can conclude that the results from 
this study are not biased by the use of HCl digestion techniques.  The samples 
prepared using HNO3 ranged from 82.7 µmol/mol to 139.6 µmol/mol and had a 
mean P/Ca value of 102.2 µmol/mol (1σ = 17.5).  The samples prepared using 
HCl ranged from 76.5 µmol/mol to 144.4 µmol/mol and had a mean P/Ca value of 
105.3 µmol/mol (1σ = 18.1).  Additionally, the two datasets were significantly 
correlated (r2 = 0.81).  Despite using two different types of digestive acids (HNO3 
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vs. HCl), P/Ca values are statistically similar, and the methodology described in 
section 5.4.2 is comparable to the methods employed by LaVigne et al. (2010). 
5.5.2 Bed – Averaged P/Ca Comparisons between Formations 
Of the stacked pancake corals, the P/Ca values of specimens collected 
from the Pinecrest Member range from 77.6 µmol/mol to 245.9 µmol/mol, with a 
mean of 151.0 µmol/mol (n = 18 corals, 1σ = 39.5).  The P/Ca from the 
Caloosahatchee Fm. range from 57.2 µmol/mol to 95.8 µmol/mol, with a mean of 
76.5 µmol/mol (n = 2 corals, 1σ = 27.2).  The P/Ca from the Bermont Fm. range 
from 52.2 µmol/mol to 67.8 µmol/mol, with a mean of 60.4 µmol/mol (n = 4 corals, 
1σ = 6.4) (Figure 5.3).  
The mean P/Ca values of stacked pancake corals from the Pinecrest 
Member and the Bermont Fm. are statistically different (student’s t-test, p< 0.05).  
However, the mean P/Ca values of the stacked pancake corals from the 
Pinecrest Member and the Caloosahatchee Fm. (student’s t-test, p= 0.06) and of 
the Caloosahatchee Fm. and the Bermont Fm, (student’s t-test, p= 0.28) are not 
statistically different.  
Of the ball corals, the P/Ca from the Pliocene Pinecrest Member range 
from 104.6 µmol/mol to 116.6 µmol/mol, with a mean of 110.6 µmol/mol (n = 2 
corals, 1σ = 8.5).  The P/Ca from the Caloosahatchee Fm. range from 47.5 
µmol/mol to 139.7 µmol/mol, with a mean of 77.7 µmol/mol (n = 18 corals, 1σ = 
20.9).  The P/Ca from the Bermont Fm. range from 58.2 µmol/mol to 118.2 
µmol/mol, with a mean of 85.1 µmol/mol (n = 16 corals, 1σ = 16.9) (Figure 5.3). 
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Figure 5.3:  Bed-averaged P/Ca for the Pliocene and Pleistocene Beds.  The P/Ca is separated 
by coral morphology (ball or stacked pancake) and by unit (Pinecrest Member, Caloosahatchee 
Fm., or Bermont Fm.).  The bed-averaged Pliocene Pinecrest Member is generally higher than 
the bed-averaged Pleistocene Caloosahatchee and Bermont Fms., but statistical significance is 
limited by low sample numbers in the ball Pinecrest and stacked pancake Caloosahatchee corals 
(see text for statistical results). 
  
Differences between the mean P/Ca values of ball corals from the 
Pinecrest Member, the Caloosahatchee Fm., and the Bermont Fm. are not 
significant (student’s t-test, p = 0.06 for Pinecrest-Caloosahatchee, p = 0.06 for 
Pinecrest-Bermont, and p = 0.27 for Caloosahatchee-Bermont).   
The limited number of ball Pinecrest Member and stacked pancake 
Caloosahatchee Fm. corals weakens the comparative statistical tests.  However, 
a general trend of higher nutrients in the Pinecrest Member followed by lower 
nutrients in both the Caloosahatchee and Bermont Fm. is apparent in both ball 
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and stacked pancake coral datasets.  Further sampling of additional corals is not 
expected to reverse the trend observed in these data. 
5.5.3 Seasonal P/Ca Values in Fossil Corals 
The seasonal-resolution P/Ca record from one Pliocene Pinecrest 
Member Siderastrea spp. coral ranges from 58.9 µmol/mol to 383.0 µmol/mol, 
with a mean P/Ca value of 155.7 µmol/mol (n = 484, 1σ = 49.4) (Figure 5.4).  
Previously analyzed Sr/Ca and estimated δ18OSW (Chapter 4) determined from 
splits of the same samples as the P/Ca analyses provide temperature and 
salinity references for seasonal fluctuations in P/Ca (Figure 5.4).  P/Ca, Sr/Ca, 
and δ18OSW are not significantly correlated (Pearson’s correlation, r2 < 0.01 for 
P/Ca with Sr/Ca and r2 < 0.01 for P/Ca with δ18OSW) and suggest nutrient 
fluctuations do not vary as a simple function of SST or SSS.    
LaVigne et al. (2008, 2010) found that upwelling events in the Gulf of 
Panama are recorded in coral geochemical records as concurrent increases in 
P/Ca, interpreted as an increase in PO4SW, and Sr/Ca, interpreted as a decrease 
in SST.  While 29 peaks 1σ or more above the mean in the Florida Pliocene coral 
are apparent in the 81-year fossil P/Ca record, only 14 (17%) appear during 
periods of cooler temperatures (Figure 5.4).  Of the 12 peaks in P/Ca above 2σ, 
eight (10%) are associated with periods of cooler temperatures.  Eliminating all 
peaks over 1σ from the dataset does not improve the correlation between P/Ca, 
Sr/Ca and δ18OSW.    
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Figure 5.4: Geochemical seasonal variations.  A: Photograph of the Pinecrest Member 
Siderastrea spp. coral with the five sample tracks highlighted.  B: X-radiograph of the same coral.  
C: Geochemical data (P/Ca, Sr/Ca, and δ18OSW) from the Pliocene coral interpolated to 6 samples 
per year (grey line) with a 2-year binomial filter (black line).  Error bars for each analysis (2σ, 
P/Ca: 20.2 µmol/mol, Sr/Ca: 0.024 mmol/mol, δ18OSW : 0.24‰) are located in the upper right 
corner of each graph. Scale bare = 1 cm. 
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The periodogram of the P/Ca time series (Figure 5.5), which tests for 
recurring frequencies in the dataset, shows no concentration of variance in the 1-
year (seasonal) frequency domain in above the 95% confidence interval.  
However, a concentration of variance at a frequency of 0.06, representing 16.3-
20.0 – year recurring frequency is apparent. 
	  
 
Figure 5.5: Lomb Periodogram of Pliocene P/Ca time series.  The hatched line indicates the 95% 
confidence interval (red noise).  No significant peak emerges at the 1-year frequency, but one 
significant peak is apparent, at the 0.06 (17.9 year) frequency.   
 
5.6 Discussion 
5.6.1 Magnitude and Timing of Nutrient Decline 
Fossil coral geochemical evidence provides a direct proxy for nutrients, 
specifically PO4SW, in the Pliocene and Pleistocene depositional environments of 
south Florida.  Bed-averaged P/Ca concentrations were 0.5 to 1.5 times higher in 
the Pliocene Pinecrest Member than in the Pleistocene Caloosahatchee and 
Bermont Fms.  Additionally, Pliocene Siderastrea spp. coral P/Ca is an order of 
magnitude higher than P/Ca in modern Siderastrea spp. corals from the Dry 
Tortugas (LaVigne and Sliko, unpublished data).  The P/Ca in fossil Siderastrea 
spp. corals from the Pinecrest Member shell bed demonstrates that PO4SW was 
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high in the late Pliocene in southwest Florida, followed by a decline of this 
important limiting nutrient, which is in agreement with previous estimations of 
nutrient concentrations from Allmon et al (1996).  
Based on the stacked pancake morphology corals, the timing of nutrient 
decline is after the Pliocene Pinecrest Member of the Tamiami Fm. and at least 
before the onset of the Bermont Fm.  The sample size for bed-averaged P/Ca in 
the Caloosahatchee Fm. is small (n = 2 corals), and therefore the decline in 
nutrients between the Pinecrest Member and the Caloosahatchee Fm. bed-
averaged P/Ca is not statistically significant.  However, as the bed-averaged 
P/Ca of the Caloosahatchee and Bermont Fms. is similar for the stacked 
pancake corals, we propose a tentative timing for nutrient decline between the 
Pinecrest Member and Caloosahatchee Fm.   
A similar pattern of nutrient decline is observed in the ball morphology 
corals.  Mean P/Ca values in ball corals from the Caloosahatchee and Bermont 
Fms., where sample sizes are sufficient, are statistically similar, representing 
environments with similar PO4SW concentrations.  The Pinecrest Member ball 
corals are not statistically different from the Caloosahatchee or Bermont Fm. 
corals.  However, the Pinecrest mean P/Ca value is higher than the 
Caloosahatchee mean P/Ca value, and we attribute apparent statistical 
similarities to a small Pinecrest Member sample size (n = 2 corals).  Future 
research involves analyzing more Pinecrest ball corals to test the proposed 
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timing of nutrient decline at the Pinecrest Member – Caloosahatchee Fm. 
boundary.         
An extinction event is evident between the Early Pleistocene 
Caloosahatchee and Bermont Fms. (Herbert et al., 2008).  Based on the 
conservative timing of a nutrient decline between the Pinecrest Member and the 
Caloosahatchee Fm. (roughly 2.5 Ma), environmental (PO4SW) changes precede 
the extinction event by at least 0.5 Ma.  A lag between extinction and 
environmental change is also observed in the Plio-Pleistocene Caribbean fauna 
(O’Dea et al., 2007).  However, the environmental changes apparent in the 
Caribbean (4.25 – 3.45 ma) pre-date the nutrient decline observed at 2.5 Ma in 
southwest Florida by at least a million years, suggesting a different trigger for 
environmental change in the Caribbean (e.g., closing of the CAS) (O’Dea et al., 
2007) compared to southwest Florida.  Examining the processes responsible for 
the higher Pliocene nutrients and decline at the Plio-Pleistocene boundary 
warrants further investigation.   
5.6.2 Upwelling 
Previous research suggests that if nutrients were higher during the 
Pliocene in southwest Florida, the source of those nutrients could be either a 
globally higher level of P during the Pliocene, a more nutrient-rich Atlantic Ocean 
prior to closure of the Central American Seaway (CAS), and/or a localized 
upwelling zone along the continental shelf in what is now southwest Florida 
(Allmon et al., 1996).  Isotope sclerochronology of mollusk shells from the 
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Pliocene Pinecrest Member has been interpreted to support the latter mechanism 
(Jones and Allmon, 1995; Allmon et al., 1996).  The timing of environmental 
change in the Caribbean, concurrent with the closure of the CAS (O’Dea et al., 
2007), predates the timing of nutrient decline in southwest Florida, which also 
suggests that the nutrient source in the southwest Florida nearshore marine 
environments was local and not regional or global.     
However, more recent efforts to document local upwelling from isotope 
sclerochronology records of Florida mollusks have produced equivocal results 
(Kasprak et al., 2007).  Using multi-decadal seasonal nutrient reconstructions, 
this study offers a conclusive test of the seasonal upwelling hypothesis using 
new geochemical data from corals.   
If seasonal autumn upwelling was the dominant nutrient source for the 
nearshore marine system, peaks in the P/Ca record should accompany all cold 
(fall-winter) Sr/Ca excursions.  Not only do over half of the peaks above 1σ in the 
P/Ca record occur during warm Sr/Ca excursions, but 67 of the 81 years of cold 
Sr/Ca excursions have no P/Ca peaks above 1σ associated with them.  While 
eight of the 12 peaks above 2σ are associated with cold Sr/Ca excursions, these 
peaks represent ~10% of the entire 81-year record and do not represent 
consistent seasonal autumn upwelling.  The P/Ca peaks above 2σ could be the 
result of periodic eddy-driven upwelling.  In the modern environment, cold-core 
eddies from the Loop Current that drive periodic upwelling occur in the eastern 
Gulf of Mexico approximately twice a year (Vukovitch, 2007).  However, the 
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hypothesized weaker Loop Current in the Pliocene (Bruner, 1984; Maier-Reimer 
et al., 1990) would have produced fewer eddies and eddy-driven upwelling 
events (Allmon et al., 1996). 
Likewise, Pliocene coral P/Ca and Sr/Ca are not significantly correlated, 
demonstrating reduced seasonality, as nutrient fluctuations do not vary with SST.  
The P/Ca timeseries exhibits no concentration of variance in the 1 – year 
(seasonal) frequency domain above the 95% confidence interval, suggesting 
nutrient influx was not driven by a distinctive recurring annual event.   
As was concluded in the previous Ba/Ca record from a different Pliocene 
coral (Kayser, 1995), the P/Ca record presented here does not unequivocally 
support a seasonal upwelling mechanism of nutrient delivery to the Pliocene 
southwest Florida coastal environment.  Therefore, alternative mechanisms for 
nutrient delivery, such as submarine groundwater discharge and riverine input 
similar to what is observed in the modern nearshore marine environments of 
southeast Florida (Fourqurean et al., 1995; Corbet et al., 1999; Kroeger et al., 
2007), are explored as possible mechanisms.  
5.6.3 Terrestrial Nutrient Sources in the Pliocene 
Marine phosphate is delivered to modern nearshore marine systems in 
southwest Florida via riverine input, submarine groundwater discharge (SGD), 
and occasional upwelling events (Paluszkeiwicz et al., 1983; McCormick et al., 
1998; Wetzel et al., 2005).  In Rookery Bay (Figure 5.2), marine phosphate 
concentrations are inversely correlated with salinity (r2 = 0.40) (Figure 5.6), 
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indicating that terrestrial input, via rivers or SGD, is a primary nutrient delivery 
mechanism.  However, nutrient delivery to the nearshore marine system is 
heavily altered by anthropogenic influences, such as sewage and storm drain 
discharge, agricultural waste, and restricted flow due to structure and canal 
construction (Smith et al., 1989; Brewster-Wingard and Ishman, 1999; 
Fourqurean and Robblee, 1999; Hecker, 2005). 
 
Figure 5.6:  Relationship between modern PO4SW and salinity.  A statistically significant 
correlation between modern marine phosphate (PO4SW) and salinity from Rookery Bay in 
southwest Florida suggests terrestrial nutrient sources.  Statistical analysis is described in section 
5.4.5. (Data provided by SERC-FIU.)  
 
Previous research establishes the inverse relationship between Pliocene 
coralline Sr/Ca (SST) and δ18OSW (SSS) (Chapter 4), suggesting an increase in 
Pliocene winter precipitation, similar to the strong, 1997-98 El Niño event.  
Contrary to what is observed in the modern environment, where summer and 
winter are also considered the wet and dry seasons, respectively, Pliocene 
precipitation was slightly higher in the winter than in the summer.  However, as is 
observed in the modern 1997-98 El Niño event, summer precipitation was not 
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abnormally low (Figure 4.1 in Chapter 4), and total annual Pliocene precipitation 
was possibly wetter than what is observed in the modern (Hine et al., 2009).  
Increased annual precipitation would have increased pluvial transport to the 
nearshore marine environment, concurrent with the proposed prograding deltaic 
system in southwest Florida during the Pliocene (Cunningam et al., 2003; Hine et 
al., 2009).  Pliocene-age quartz pebbles found in southwest Florida also suggest 
increased fluvial transport compared to the modern (Cunningam et al., 2003).   
Coral P/Ca and δ18OSW are not significantly correlated, and nutrient 
fluctuations are not related to SSS fluctuations.  The lack of correlation between 
P/Ca and both SSS and SST proxies, coupled with the absence of annual 
frequency variations in the P/Ca timeseries, eliminates the possibility of annual 
seasonal precipitation as a nutrient source in the nearshore marine system.  An 
alterative hypothesis of Pliocene precipitation patterns suggests continuous 
yearly precipitation, and a reduced seasonality in terrestrial runoff and nutrient 
input, which would not be correlated to annual SST or SSS. 
Modern nearshore marine salinity variations are driven by an increase 
(decrease) in summer (winter) precipitation (Figure 2.2b in Chapter 2).  
Conversely, in the Pliocene, salinity was lower in the winter and higher in the 
summer, estimated from seasonal δ18OSW variations (Chapter 4).  The range of 
Pliocene δ18OSW is lower than the modern δ18OSW range from the northern end of 
Ten Thousand Islands in southwest Florida (Surge et al., 2001) by 0.5‰, 
representing a 3.8 psu decrease in average seasonal salinity range in the 
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Pliocene.  The reduced Pliocene salinity range could be the result of intense 
summer evaporation driving salinity variations rather than seasonal precipitation.  
Assuming summer evaporation controlled SSS variations in the Pliocene and 
seasonal precipitation changes were minimal, nutrient influx related to terrestrial 
runoff and SGD would be relatively continuous throughout the year and not 
correlated to SST or SSS variations.  Additionally, small seasonal changes in 
P/Ca could be smoothed by the bi-monthly sample resolution of the record. 
However, without an independent estimate of Pliocene evaporation rates, 
this hypothesis is speculative at best.  The lack of correlation between P/Ca and 
both SSS and SST proxies, coupled with the absence of annual frequency 
variations in the P/Ca timeseries does not unequivocally support a terrestrial 
nutrient source, and suggests either relatively constant annual and/or random 
nutrient influx to the nearshore marine system 
5.7 Conclusions 
The Pinecrest Member of the Tamiami Fm. represents a high nutrient 
environment, followed by a nutrient decline at the Plio-Pleistocene boundary.  
This decrease is later than observed environmental changes in the Caribbean, 
suggesting a local, rather than regional, nutrient source.  The decrease in 
nutrients at the Plio-Pleistocene boundary also precedes the extinction event 
observed in southwest Florida.  The question of the high Pliocene nutrient 
source, however, remains unresolved.  The lack of an annual frequency pattern 
in the P/Ca timeseries with no correlation to SST suggests upwelling was not the 
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primary nutrient source in the Pliocene Pinecrest Member of the Tamiami Fm.  
Additionally, the lack of correlation of P/Ca to SST or SSS suggests either 
continuous annual and/or random episodic nutrient addition. 
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5.8 Appendix – Modern Siderastrea spp. PO4SW – P/Ca Calibration 
If Pliocene and Pleistocene marine PO4SW could be calculated from coral 
P/Ca and compared with modern values, a quantitative assessment comparing 
modern environments with the Pliocene and Pleistocene PO4SW would be 
possible.  To determine a genus-specific calibration of Siderastrea spp. P/Ca with 
PO4SW, geochemical data (Sr/Ca and P/Ca) was collected from a modern 
Siderastrea siderea coral the Dry Tortugas (DeLong et al., in prep; LaVigne and 
Sliko, unpublished data).  Dates were assigned to each sample based on 
correlation of Sr/Ca variations with measured SST (DeLong et al., in prep).  
Samples representing ~2.5 years of growth were then compared to water quality 
data provided by the SERC-FIU Water Quality Monitoring Network (SERC-FIU).  
The least squares method of linear regression was used to assess the 
relationship between modern coral P/Ca and PO4SW concentrations in the Dry 
Tortugas.  P-levels below 0.05 were considered statistically significant, and the 
regression analysis was performed using Microsoft Excel 2008 for Mac, version 
12.2.4 (© 2007 Microsoft Corporation).  
Previously resolved calibrations between modern PO4SW and P/Ca in 
Porites spp. and Pavona spp. corals from Isla Contadora exhibit a positive linear 
relationship with similar slopes (equations 5.1 and 5.1) (LaVigne et al., 2010).  
P/Ca in the modern Siderastrea siderea from the Dry Tortugas compared with 
PO4SW also exhibits a positive linear relationship with a slope similar to previous 
P/Ca-PO4SW calibrations.  P/Ca values corresponding to measured PO4SW 
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ranged from 12.1 µmol/mol to 15.8 µmol/mol, with a mean of 14.9 µmol/mol (n = 
9, 1σ = 1.2).   
The slope and y-intercept were calculated from the linear regression to 
create the following calibration (Equation 5.3, Figure 5.7). 
 
P/CaSiderastrea siderea (µmol/mol) = (18.1 + 5.2) PO4SW (µmol/kg) + (14.3 + 1.9)  (5.3) 
 
Based on the Dry Tortugas PO4SW concentration range (0.02 – 0.1 µmol/kg), the 
error associated with the above calibrations, and analytical error for P/Ca (2 
µmol/mol), we calculated 0.01 µmol/kg error on PO4SW reconstructed from S. 
siderea P/Ca. 
However, the brevity of the analyzed coral record (2.5 years) coupled with 
the scarcity of marine water quality data (collected 4 times annually) limits the 
statistical strength of the linear regression between the two datasets (r2 = 0.02) 
(Figure 5.7).  Nonetheless, the slope and y-intercept calculated for the modern 
Siderastrea spp. P/Ca - PO4SW relationship is similar to the slope and y-intercept 
of previously published P/Ca relationships for Porites spp. and Pavona spp. 
given the short study period.   
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Figure 5.7: Modern PO4SW – P/Ca calibration for the Dry Tortugas.  Linear regression was 
calculated from local PO4SW (x-axis) and Siderastrea siderea coral P/Ca (y-axis; see text). 
 
The bed-averaged mean PO4SW for the fossil corals are higher in the 
Pinecrest Member corals and lower in the Caloosahatchee and Bermont Fms. 
corals (Table 5.1).  Similar to the bed-averaged mean PO4SW, estimates of 
seasonal marine phosphate from the lower Pinecrest Member of the Tamami Fm. 
range from 2.5 µmol/kg to 20.4 µmol/kg, with a mean of 7.8 µmol/kg (n = 484, 1σ 
= 2.7).   
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Table 5.1: Fossil marine phosphate values in south Florida.   
Coral Estimated PO4SW (µmol/kg) n 1σ 
Stacked Pancake Morphology       
Bermont Fm. 2.5 4 0.4 
Caloosahatchee Fm. 3.4 2 1.5 
Pinecrest Member 7.6 18 2.2 
        
Ball Morphology       
Bermont Fm. 3.9 16 0.9 
Caloosahatchee Fm. 3.5 18 1.2 
Pinecrest Member 5.3 2 0.5 
 
Based on the calibration derived from a modern S. siderea from the Dry 
Tortugas, the calculated marine phosphate values for both the Pliocene and 
Pleistocene beds are an order of magnitude higher than what is observed in 
modern comparable nearshore marine environments around the southern Florida 
Peninsula (0.04 µM/kg – 0.31 µM/kg) (Figure 5.8 and Table 5.2). 
Some modern environments with high PO4SW, such as Hillsborough Bay, 
Old Tampa Bay, and Middle Tampa Bay, are low energy with anoxic bottom 
water subjected to anthropogenic influences, such as sewage and storm drain 
discharge, agricultural waste, and restricted flow (Baskaran et al., 2007; Kroeger 
et al., 2007; Swarentzi et al., 2007).  While the Pliocene calculated PO4SW is 
similar to modern PO4SW in parts of Tampa Bay, the proposed 
paleoenvironmental reconstruction for the Pliocene is not comparable with 
modern Tampa Bay. 
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Figure 5.8: Modern PO4SW site location map.  Collection sites for south Florida PO4SW listed in 
Table 5.2.  (Adapted from the Florida Center for Instructional Technology, USF, 2009). 
 
 
Table 5.2: Modern marine phosphate values in south Florida. (Data provided by SERC-FIU and 
EPCHC).  
Location PO4SW (µmol/kg) n 1σ 
Biscayne Bay 0.036 4412 0.038 
Florida Bay 0.045 211 0.042 
Rookery Bay 0.34 3548 0.45 
Ten Thousand Islands 0.24 4328 0.24 
Southwest Florida Shelf 0.041 2383 0.037 
Dry Tortugas 0.031 740 0.048 
Hillsborough Bay 5.64 2898 3.73 
Old Tampa Bay 1.93 4002 2.13 
Middle Tampa Bay 2.58 2969 3.19 
Lower Tampa Bay 0.66 2334 0.85 
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Based on previous estimations of paleodepth for the Pinecrest Member of 
the Tamiami Fm. (section 5.3), the modern lagoonal environments are 
considered analogous to the southwest Florida Pliocene environment.  While 
modern lagoonal PO4SW in southwest Florida is higher than in Florida Bay, 
Biscayne Bay, and the southwest Florida Shelf PO4SW, the calculated Pliocene 
and Pleistocene PO4SW is still an order of magnitude higher than what is 
observed in the modern environment.  However, as with the P/Ca data, there is a 
sharp decrease in calculated PO4SW at the Pinecrest-Caloosahatchee, supporting 
previous theories of a nutrient decline at the (current) Plio-Pleistocene boundary. 
The modern global surface PO4SW varies from 0.0 µM/kg to 2.9 µM/kg, 
with the highest values found in high latitudes and in the eastern equatorial 
Pacific (Garcia et al., 2005).  However, the data presented in the World Ocean 
Atlas (Garcia et al., 2005) mostly represent ocean PO4SW, and are packaged in 
1o grids and possibly smooth locally high PO4SW, such as in the southwest 
Florida lagoonal systems.  While the calculated PO4SW for the Pliocene is higher 
than observed global PO4SW, we suggest that the calculated high PO4SW is the 
result of a low energy, high nutrient environment.  
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Chapter 6 
 
Conclusions 
 
 
 
The Pliocene is considered analogous to the predicted consequences of 
future climate change.  However, the temporal resolution of most Pliocene 
paleoclimate records is too coarse to capture decadal to sub-annual variations.  
Large gastropods found in the Pliocene fossiliferous deposits in Florida were first 
used to explore their potential as high-resolution paleoclimate records.  However, 
the shells of two predatory gastropods, Busycon sinistrum and Fasciolaria tulipa, are 
inappropriate for paleoenvironmental reconstructions.  While both species’ shells 
faithfully record summer temperatures, neither record winter temperatures.   
The geochemical analyses of pristine Pliocene Siderastrea spp. corals 
indicate that salinity variations inferred from calculated seasonal seawater δ18O are 
different from modern salinity seasonal variations.  The correlation of lower annual 
salinity with lower temperatures is interpreted to be a response to an increase in 
winter precipitation, a teleconnection of the Pliocene “Super El Niño.”   
Additional geochemical analyses from Pliocene and Pleistocene Siderastrea 
spp. corals demonstrate that marine phosphate was higher in the Pliocene Lower 
Pinecrest Member of the Tamiami Formation than in the Pleistocene 
Caloosahatchee and Bermont Fms.   
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The nearshore marine environment in southwest Florida is characterized as a 
high nutrient environment with precipitation patterns similar to modern El Niño 
events (increased winter precipitation).  The Pliocene nearshore marine environment 
is different from the modern nearshore marine environment of southwest Florida, 
which is relatively nutrient poor and with predominately summer precipitation.  
Characterizing the seasonal environmental characteristics of regional Pliocene 
environments can improve the accuracy of climate models that ultimately help to 
anticipate future changes in the environment. 
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Appendix A: Modern Gastropod Stable Isotope Data  
Fasciolaria tulipa 
from Tampa Bay Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  F-40 20.5 -0.32 -3.95 
  F-39 28 -0.10 -4.12 
  F-38 50.5 0.10 -4.04 
  J-11 59 2.17 -3.32 
  F-37 68.5 1.46 -3.98 
  J-10 75 0.84 -4.15 
  F-36 82.5 0.42 -3.45 
  F-35 101 -0.14 -3.61 
  F-34 120.5 0.05 -3.19 
  J-9 124 -0.51 -3.08 
  F-33 127.5 -0.31 -3.19 
  J-8 132 -0.12 -3.52 
  F-32 136.5 0.09 -3.27 
  F-31 147 -0.07 -3.25 
  F-30 154 -0.39 -3.30 
  F-29 162.5 -0.84 -3.15 
  F-28 171 -0.48 -3.63 
  J-6 176 -1.55 -4.06 
  F-27 181.5 -1.50 -4.16 
  J-5 188 -1.11 -4.41 
  F-26 195.5 -0.65 -3.88 
  J-4 202 -0.09 -3.25 
  F-25 210.5 0.74 -2.81 
  J-3 220 0.37 -2.74 
  F-24 232 0.01 -2.62 
  F-23 257 -0.30 -2.07 
  F-22 280.5 -0.71 -1.65 
  F-21 308 -0.74 -1.63 
  J-2 316 -2.05 -2.76 
  F-20 324 -1.38 -2.35 
  J-1 326 -1.64 -2.32 
  F-19 328.5 -1.00 -2.44 
  F-18 332.5 -0.12 -2.91 
  F-17 337 -0.77 -2.18 
  F-16 340.5 -0.69 -1.73 
  F-15 344 -0.38 -1.36 
  F-14 348 -0.82 -2.44 
  F-13 350 -0.90 -2.43 
  F-12 353 -1.22 -2.22 
  F-11 355.5 -1.07 -2.51 
  F-10 359 -1.24 -2.20 
  F-9 362.5 -1.18 -2.50 
  F-8 365 -0.92 -2.67 
  F-7 367.5 -1.77 -1.45 
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Appendix A (continued): Modern Gastropod Stable Isotope Data  
Fasciolaria tulipa 
from Tampa Bay  Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  F-6 369.5 -1.73 -1.55 
  F-5 371 -2.04 -1.89 
  F-4 373.5 -1.71 -1.35 
  F-3 375.5 -1.54 -1.41 
  F-2 377.5 -1.21 -1.16 
  F-1 382 -0.76 -1.75 
 
Busycon sinistrum 
from Tampa Bay Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  W-1 0 0.56 -2.12 
  W-2 6 -0.07 -2.36 
  W-3 13.5 0.12 -2.58 
  W-4 21 -0.34 -2.84 
  W-5 30 0.61 -3.04 
  W-6 37.5 0.21 -3.25 
  W-7 40 -0.33 -2.82 
  W-8 43.5 -0.24 -2.77 
  W-9 46.5 -0.61 -3.01 
  W-10 49 -1.01 -3.06 
  W-11 52 -0.94 -3.03 
  W-12 55 -1.35 -3.31 
  W-13 59.5 -1.71 -3.46 
  W-14 63 -0.68 -3.76 
  W-15 66.5 -1.09 -3.29 
  W-16 70.5 -1.10 -2.97 
  W-17 76 -0.67 -2.93 
  W-18 80 -0.97 -3.31 
  W-19 86 -0.30 -3.59 
  W-20 92.5 -0.82 -3.63 
  W-21 99.5 -0.93 -4.40 
  W-22 106 -0.58 -3.30 
  W-23 114 -1.63 -3.74 
  W-24 122 -1.82 -4.16 
  W-25 131 -1.37 -4.10 
  W-26 137 -1.51 -4.19 
  W-27 144 -1.25 -3.77 
  W-28 149 -1.04 -3.75 
  W-29 158 -0.24 -3.84 
  W-31 168 0.52 -3.12 
  W-32 173 0.00 -3.52 
  W-33 178.5 -0.02 -3.01 
  W-34 184.5 -0.41 -3.45 
  W-35 195 -0.75 -3.08 
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Appendix A (continued): Modern Gastropod Stable Isotope Data  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fasciolaria tulipa 
from St. Joseph Bay Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  PF-1 1 -0.31 -1.09 
  PF-2 7 -0.44 -0.19 
  PF-3 12.5 -0.35 -0.40 
  PF-4 16.5 -0.18 -0.80 
  PF-5 19.5 -0.79 -0.56 
  PF-6 22.5 -0.65 0.05 
  PF-7 26 -1.21 -0.70 
  PF-8 29 -1.53 -1.70 
  PF-9 32 -1.05 -0.92 
  PF-10 36.5 -1.53 -1.55 
  PF-11 40 -1.48 -1.24 
  PF-12 43.5 -1.23 -1.32 
  PF-13 46 -0.87 -1.27 
  PF-14 48.5 -0.66 -1.41 
  PF-15 51.5 -0.55 -1.48 
  PF-16 57 -0.11 -1.25 
  PF-17 60.5 -0.02 -1.27 
  PF-18 63 -0.03 -1.24 
  PF-19 69 0.80 -0.48 
  PF-20 75 0.33 -1.07 
  PF-21 80 -0.05 -2.12 
  PF-22 84.5 -0.60 -1.12 
 
 
Busycon sinistrum 
from Tampa Bay  Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  W-36 200 -1.23 -3.89 
  W-37 205.5 -1.01 -4.11 
  W-38 211.5 -1.18 -3.48 
  W-39 221 -1.21 -3.79 
  W-41 229.5 -0.33 -3.94 
  W-42 237.5 -0.11 -3.08 
  W-43 246.5 -0.06 -2.57 
  W-44 256 0.40 -2.77 
  W-45 261 -0.49 -3.29 
  W-46 265.5 -0.49 -3.29 
  W-47 268.5 -1.49 -3.16 
  W-48 272.5 -1.33 -3.17 
  W-49 276.5 -1.88 -3.99 
  W-50 295.5 -1.85 -2.50 
  W-51 300.5 -1.68 -3.28 
  W-52 318.5 -1.26 -2.14 
  W-53 323 -0.99 -2.52 
  W-54 334 -1.13 -2.30 
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Appendix A (continued): Modern Gastropod Stable Isotope Data  
Fasciolaria tulipa 
from St. Joseph Bay  Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  PF-23 90 -0.56 -1.34 
  PF-24 98 -0.74 -0.75 
  PF-25 106.5 -0.85 -1.71 
  PF-26 115.5 -0.94 -0.91 
  PF-27 123.5 -1.06 -0.72 
  PF-28 133 -1.04 -0.86 
  PF-29 140 -0.84 -0.52 
  PF-30 150 -1.05 -0.21 
  PF-31 153 -1.20 0.23 
  PF-32 162 -0.71 0.62 
  PF-33 166.5 -0.56 -0.69 
  PF-34 173.5 -0.59 -1.02 
  PF-35 182 -0.57 -0.57 
  PF-36 192 0.23 -0.86 
  PF-37 210 -0.83 -1.19 
  PF-38 228 -1.53 -1.10 
  PF-39 242.5 -2.11 -1.36 
  PF-40 254 -1.25 -1.46 
  PF-41 264.5 -0.94 -0.66 
  PF-42 289.5 -0.93 0.25 
  PF-43 291.5 -0.98 0.71 
     
Busycon sinistrum 
from St. Joseph Bay Sample ID 
mm from 
Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  SS-1 2 -2.27 -0.46 
  SS-2 4.5 -2.37 -0.44 
  SS-3 7.5 -1.66 -0.32 
  SS-4 12.5 -2.37 -0.38 
  SS-5 14.5 -1.93 -0.45 
  SS-6 17.5 -1.48 -0.43 
  SS-7 20 -1.68 -0.49 
  SS-8 22 -1.72 -0.53 
  SS-9 23.5 -1.53 -0.67 
  SS-10 26 -1.95 -0.78 
  SS-11 28.5 -1.54 -0.83 
  SS-12 30 -1.36 -0.49 
  SS-13 33 -1.67 -0.65 
  SS-14 35 -1.64 -0.67 
  SS-15 37 -1.22 -0.26 
  SS-16 39.5 -1.53 -1.10 
  SS-17 42 -1.13 -1.12 
  SS-18 44 -1.32 -1.25 
  SS-19 46 -1.19 -1.92 
  SS-20 48 -1.03 -1.03 
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Appendix A (continued): Modern Gastropod Stable Isotope Data  
Busycon sinistrum 
from St. Joseph Bay 
(cont.) 
Sample ID mm from Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  SS-21 49.5 0.08 -1.55 
  SS-22 51 -0.84 -1.66 
  SS-23 54 -0.22 -1.35 
  SS-24 57 -0.02 -1.64 
  SS-25 60 -0.29 -1.77 
  SS-26 62 0.19 -1.44 
  SS-27 65 1.67 -1.34 
  SS-28 68.5 2.07 -0.81 
  SS-29 73 1.47 -0.91 
  SS-30 78 0.87 -1.57 
  SS-31 83 0.73 -1.53 
  SS-32 89.5 0.11 -1.61 
  SS-33 97 0.24 -1.02 
  SS-34 103 -0.68 -1.47 
  SS-35 109.5 -0.57 -1.27 
  SS-36 116 -0.76 -0.76 
  SS-37 122.5 -0.99 -0.69 
  SS-38 129.5 -0.77 -1.00 
  SS-39 137 -0.99 -0.71 
  SS-40 141 -0.92 -0.62 
  SS-41 146.5 -0.92 -0.76 
  SS-42 151.5 -0.96 -0.71 
  SS-43 156.5 -1.18 0.15 
  SS-44 161 -0.65 0.01 
  SS-45 165.5 -0.36 -0.67 
  SS-46 172 -0.30 -0.37 
  SS-47 176.5 -0.46 -0.75 
  SS-48 180.5 -0.23 -0.75 
  SS-49 186 0.95 -1.08 
  SS-50 193 0.55 -0.61 
  SS-51 198.5 0.45 -0.80 
  SS-52 204 -0.77 -1.80 
  SS-53 210 -0.98 -1.21 
  SS-54 217 -1.65 -1.77 
  SS-55 224 -1.41 -1.08 
  SS-56 231 -1.35 -0.85 
  SS-57 235 -1.86 -1.41 
  SS-58 239.5 -1.96 -1.61 
  SS-59 245 -2.08 -1.38 
  SS-60 249 -1.01 -1.28 
  SS-61 254.5 -0.99 -0.77 
  SS-62 260 -0.54 -0.65 
  SS-63 265.5 -0.60 -0.66 
  SS-64 270 0.41 -0.69 
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Appendix A (continued): Modern Gastropod Stable Isotope Data  
Busycon sinistrum 
from St. Joseph Bay 
(cont.) 
Sample ID mm from Protoconch δ
18Oshell (‰) δ13Cshell (‰) 
  SS-65 272.5 0.56 -1.60 
  SS-66 278 0.48 -1.56 
  SS-67 287.5 -0.19 -0.73 
  SS-68 298.5 -0.77 -0.32 
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Appendix B: Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track A Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    81.73 8.855 -3.08 -1.84 0.86 
   81.56 8.842 -3.02 -1.46 0.99 
    81.40 8.868 -3.20 -1.34 0.67 
   81.23 8.907 -3.29 -1.28 0.37 
    81.06 8.929 -3.07 -1.13 0.47 
   80.90 8.931 -3.09 -1.16 0.44 
    80.73 8.902 -3.35 -1.34 0.34 
   80.56 8.802 -3.44 -1.47 0.79 
    80.40 8.811 -3.27 -1.31 0.91 
   80.23 8.918 -2.90 -1.33 0.70 
    80.06 9.152 -2.51 -1.05 -0.18 
   79.90 9.139 -2.62 -1.45 -0.21 
    79.73 9.109 -3.12 -1.75 -0.54 
   79.56 8.965 -3.18 -1.82 0.17 
    79.40 8.975 -2.99 -1.00 0.31 
   79.23 9.079 -2.58 -0.91 0.16 
    79.06 9.120 -2.86 -1.19 -0.35 
   78.90 9.115 -3.20 -1.29 -0.66 
  78.73 8.918 -3.26 -1.17   
  78.56 8.902 -3.53 -1.25   
  78.40 9.003 -3.18 -0.56   
  78.23 9.020 -2.83 -0.04   
  78.06 9.080 -2.44 -0.31   
  77.90 8.967 -2.49 -1.00   
  77.73 8.921 -3.05 -1.94   
  77.56 8.869 -3.27 -2.28   
  77.40 8.908 -3.08 -2.24   
  77.23 8.974 -2.86 -2.16   
  77.06 9.001 -3.15 -2.29   
  76.90 9.000 -3.37 -2.37   
  76.73 8.960 -3.45 -2.39   
  76.56 8.888 -3.54 -2.41   
  
O
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76.40 8.914 -3.49 -2.28   
 
UF35438 Track B Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    78.73 8.908 -3.22 -1.29 0.44 
    78.56 8.871 -3.55 -1.01 0.31 
    78.40 8.945 -3.09 -0.47 0.37 
    78.23 9.018 -2.71 -0.51 0.35 
    78.06 9.060 -2.83 -1.27 0.01 
    77.90 8.977 -2.94 -2.18 0.34 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track B Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    77.73 8.921 -3.15 -2.44 0.44 
    77.56 8.856 -3.43 -2.39 0.51 
    77.40 8.889 -3.18 -1.91 0.57 
    77.23 8.948 -3.25 -1.88 0.19 
    77.06 8.974 -3.47 -2.13 -0.17 
    76.90 8.948 -3.45 -2.19 -0.01 
    76.73 8.922 -3.42 -2.25 0.16 
    76.56 8.898 -3.39 -2.29 0.32 
    76.40 8.914 -3.26 -1.84 0.37 
    76.23 9.057 -2.77 -1.35 0.08 
    76.06 9.107 -2.84 -1.34 -0.26 
    75.89 9.059 -3.16 -1.27 -0.32 
    75.73 8.956 -3.50 -1.56 -0.10 
    75.56 8.932 -3.33 -1.39 0.20 
    75.39 9.032 -2.80 -1.00 0.19 
    75.23 9.120 -2.55 -0.91 -0.04 
    75.06 9.187 -2.57 -1.11 -0.42 
    74.89 9.090 -3.15 -1.72 -0.47 
    74.73 8.992 -3.62 -1.86 -0.42 
    74.56 8.967 -3.50 -1.55 -0.16 
    74.39 9.051 -2.71 -1.07 0.17 
    74.23 9.163 -2.48 -1.30 -0.20 
    74.06 9.172 -3.01 -1.25 -0.78 
    73.89 9.161 -3.40 -1.52 -1.11 
    73.73 9.012 -3.42 -1.56 -0.32 
    73.56 8.957 -3.12 -1.55 0.27 
    73.39 9.059 -2.84 -1.45 0.00 
    73.23 9.047 -3.03 -2.08 -0.12 
    73.06 9.126 -3.56 -2.01 -1.08 
    72.89 8.999 -3.54 -1.89 -0.38 
    72.73 8.922 -3.52 -2.18 0.06 
    72.56 8.906 -3.42 -1.79 0.24 
    72.39 8.960 -3.02 -1.28 0.35 
    72.23 9.075 -2.88 -1.65 -0.12 
    72.06 9.103 -3.11 -1.83 -0.50 
    71.89 9.018 -3.52 -2.00 -0.46 
    71.73 8.942 -3.58 -1.78 -0.10 
    71.56 8.918 -3.13 -1.20 0.47 
    71.39 8.999 -2.80 -1.33 0.36 
    71.23 9.046 -2.78 -1.41 0.13 
    71.06 9.067 -3.00 -1.45 -0.20 
    70.89 9.056 -3.46 -1.58 -0.60 
    70.73 8.982 -3.64 -1.77 -0.38 
    70.56 8.942 -3.52 -1.71 -0.05 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track B Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    70.39 9.015 -3.11 -0.90 -0.03 
    70.23 9.122 -2.64 -0.97 -0.13 
    70.06 9.124 -2.62 -1.16 -0.12 
    69.89 9.099 -3.20 -1.38 -0.57 
    69.73 9.045 -3.46 -1.50 -0.55 
    69.56 8.999 -3.33 -1.22 -0.17 
    69.39 9.059 -2.97 -0.87 -0.13 
    69.23 9.086 -3.02 -1.11 -0.32 
    69.06 9.108 -3.32 -1.29 -0.74 
    68.89 9.050 -3.54 -1.36 -0.65 
    68.73 8.994 -3.53 -1.25 -0.34 
    68.56 8.932 -3.23 -0.96 0.30 
    68.39 9.024 -2.85 -0.85 0.18 
    68.23 9.063 -2.84 -0.95 -0.02 
    68.06 9.088 -3.02 -1.07 -0.33 
    67.89 9.060 -3.55 -1.21 -0.72 
    67.73 8.998 -3.78 -1.20 -0.61 
    67.56 8.943 -3.56 -0.93 -0.09 
    67.39 9.001 -3.16 -0.71 0.00 
    67.23 9.059 -2.85 -0.86 -0.01 
    67.06 9.079 -2.66 -1.30 0.07 
    66.89 9.034 -2.73 -1.47 0.25 
    66.73 8.989 -2.80 -1.63 0.42 
    66.56 8.959 -2.86 -1.78 0.52 
    66.39 9.009 -2.91 -1.90 0.20 
    66.23 9.040 -3.06 -1.89 -0.11 
    66.06 9.051 -3.23 -1.80 -0.34 
    65.89 9.023 -3.23 -1.65 -0.19 
    65.73 9.001 -3.20 -1.48 -0.04 
    65.56 9.001 -3.02 -1.24 0.13 
    65.39 9.009 -2.87 -1.07 0.24 
    65.23 9.036 -2.78 -1.13 0.19 
    65.06 9.051 -2.76 -1.20 0.13 
    64.89 9.011 -3.06 -1.38 0.04 
    64.73 8.997 -3.32 -1.54 -0.15 
    64.56 8.975 -3.31 -1.49 -0.02 
    64.39 9.025 -2.83 -0.85 0.20 
    64.23 9.149 -2.38 -0.77 -0.02 
    64.06 9.181 -2.38 -1.33 -0.20 
    63.89 9.100 -3.27 -1.51 -0.65 
    63.73 9.080 -3.46 -1.53 -0.74 
    63.56 9.040 -3.12 -1.12 -0.18 
    63.39 9.059 -2.79 -0.78 0.05 
    63.23 9.073 -2.58 -0.94 0.18 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track B Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    63.06 9.067 -2.51 -1.34 0.29 
    62.89 8.991 -2.77 -1.81 0.44 
    62.73 8.967 -3.03 -2.11 0.30 
    62.56 8.968 -3.20 -2.14 0.13 
    62.39 8.977 -2.99 -1.46 0.29 
    62.23 9.018 -2.80 -1.25 0.26 
    62.06 9.058 -2.69 -1.29 0.16 
    61.89 9.049 -2.80 -1.51 0.10 
    61.73 9.039 -2.91 -1.72 0.04 
    61.56 9.037 -3.02 -1.87 -0.06 
    61.39 9.061 -3.17 -1.82 -0.34 
    61.23 9.086 -3.31 -1.77 -0.61 
    61.06 9.103 -3.50 -1.69 -0.90 
    60.89 9.089 -3.75 -1.54 -1.07 
    60.73 9.038 -3.55 -1.35 -0.60 
    60.56 9.003 -3.25 -0.92 -0.11 
    60.39 9.076 -2.82 -0.69 -0.07 
    60.23 9.142 -2.68 -0.93 -0.28 
    60.06 9.161 -2.72 -1.36 -0.43 
    59.89 9.089 -3.31 -1.71 -0.63 
    59.72 9.042 -3.29 -1.75 -0.36 
    59.56 9.024 -2.94 -1.30 0.09 
    59.39 9.120 -2.56 -1.28 -0.05 
    59.22 9.159 -2.57 -1.47 -0.27 
    59.06 9.164 -2.77 -1.69 -0.49 
    58.89 9.111 -3.08 -1.73 -0.52 
    58.72 9.037 -3.22 -1.49 -0.26 
    58.56 9.019 -3.13 -1.08 -0.07 
    58.39 9.056 -2.72 -0.61 0.14 
    58.22 9.212 -2.39 -0.97 -0.37 
    58.06 9.218 -2.68 -1.26 -0.70 
    57.89 9.192 -3.00 -1.39 -0.88 
    57.72 9.118 -3.16 -1.21 -0.64 
  57.56 9.066 -3.02 -0.94   
  57.39 9.106 -2.95 -1.04   
  57.22 9.047 -3.02 -1.09   
  57.06 9.104 -3.14 -1.01   
  56.89 9.084 -3.40 -1.00   
  56.72 9.040 -3.41 -0.92   
  56.56 9.044 -3.27 -0.81   
  56.39 9.052 -2.95 -0.68   
  56.22 9.132 -2.90 -0.81   
  56.06 9.117 -2.98 -0.97   
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55.89 9.038 -3.25 -1.09   
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track E Relative Year Sr/Ca (mmol/mol) δ
18O (‰) δ13C (‰) Calculated δ18OSW (‰) 
    57.56 9.067 -2.93 -1.12 -0.13 
    57.39 9.076 -3.47 -1.61 -0.72 
    57.22 9.087 -3.54 -0.91 -0.85 
    57.06 9.084 -2.55 -0.97 0.16 
    56.89 9.080 -2.72 -1.15 0.01 
    56.72 9.039 -3.22 -1.23 -0.27 
    56.56 9.014 -3.31 -0.88 -0.22 
    56.39 9.057 -2.11 -0.39 0.75 
    56.22 9.092 -2.24 -0.50 0.43 
    56.06 9.108 -3.36 -0.82 -0.78 
    55.89 9.058 -4.02 -1.08 -1.18 
    55.72 9.060 -4.09 -1.02 -1.25 
    55.56 9.007 -3.22 -0.39 -0.10 
    55.39 8.925 -3.35 -2.03 0.22 
    55.22 8.956 -4.08 -2.85 -0.68 
    55.06 9.038 -3.31 -2.53 -0.35 
    54.89 9.088 -2.35 -2.15 0.34 
    54.72 9.076 -2.10 -1.93 0.65 
    54.56 9.028 -2.02 -2.08 0.99 
    54.39 8.980 -2.19 -2.31 1.08 
    54.22 8.975 -2.80 -2.60 0.49 
    54.06 9.091 -3.01 -2.48 -0.35 
    53.89 9.135 -3.15 -2.28 -0.72 
  53.72 8.952 -3.29 -2.07   
  53.56 8.996 -3.23 -1.95   
  53.39 9.035 -3.12 -1.84   
  53.22 9.064 -3.01 -1.74   
  53.06 8.997 -2.67 -1.37   
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to
 
Tr
ac
k 
C
 
52.89 9.049 -2.37 -1.22   
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track C Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
  57.56 9.060 -2.94 -1.10   
  57.39 9.007 -2.97 -1.90   
  57.22 9.058 -2.98 -1.84   
  
O
ve
rla
p 
on
to
   
   
   
   
   
 
Tr
ac
k 
B
 
57.06 8.956 -3.00 -1.79   
             
  55.72 9.090 -2.94 -1.10   
  55.56 9.014 -2.97 -1.90   
  55.39 8.926 -2.98 -1.84   
  55.22 8.964 -3.00 -1.79   
  55.06 9.008 -3.01 -1.73   
  54.89 9.108 -3.03 -1.69   
  54.72 9.082 -3.07 -1.67   
  54.56 8.998 -3.10 -1.64   
  54.39 9.000 -3.14 -1.61   
  54.22 9.015 -3.18 -1.59   
  54.06 9.092 -3.21 -1.56   
  
O
ve
rla
p 
on
to
 T
ra
ck
 E
 
53.89 9.085 -3.25 -1.53   
    53.72 8.995 -3.29 -0.73 -0.11 
    53.56 8.957 -2.99 -1.56 0.40 
    53.39 8.956 -3.02 -2.07 0.38 
    53.22 9.005 -2.82 -1.80 0.31 
    53.06 9.034 -3.38 -1.96 -0.40 
    52.89 9.037 -3.20 -1.99 -0.24 
    52.72 9.040 -2.93 -2.15 0.01 
    52.56 8.963 -2.94 -2.16 0.42 
    52.39 8.903 -2.96 -2.02 0.72 
    52.22 8.930 -3.23 -1.80 0.30 
    52.06 9.055 -2.89 -1.51 -0.03 
    51.89 9.100 -2.90 -1.42 -0.28 
    51.72 9.017 -3.19 -1.60 -0.13 
    51.56 8.951 -3.07 -1.59 0.36 
    51.39 8.998 -2.90 -1.50 0.27 
    51.22 9.090 -3.00 -1.68 -0.32 
    51.06 9.142 -3.18 -1.80 -0.78 
    50.89 9.098 -3.27 -1.88 -0.64 
    50.72 8.994 -3.26 -1.92 -0.07 
    50.56 8.966 -3.27 -1.88 0.07 
    50.39 9.033 -3.14 -1.72 -0.16 
    50.22 9.153 -2.84 -1.44 -0.50 
    50.06 9.172 -2.73 -1.51 -0.49 
    49.89 9.170 -2.80 -1.76 -0.55 
    49.72 9.016 -3.01 -2.25 0.07 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track C Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    49.56 8.927 -3.07 -2.47 0.48 
    49.39 8.924 -2.90 -2.29 0.67 
    49.22 8.969 -2.70 -2.19 0.62 
    49.06 9.079 -2.76 -2.26 -0.03 
    48.89 9.079 -2.79 -2.37 -0.05 
    48.72 9.000 -2.91 -2.40 0.25 
    48.56 8.921 -3.03 -2.43 0.56 
    48.39 8.909 -2.96 -2.33 0.69 
    48.22 8.963 -2.49 -2.04 0.87 
    48.06 9.088 -2.53 -1.96 0.16 
    47.89 9.081 -3.03 -1.99 -0.31 
    47.72 8.983 -2.84 -1.73 0.42 
    47.56 8.908 -3.03 -1.89 0.63 
    47.39 8.902 -2.98 -1.77 0.71 
    47.22 8.932 -2.52 -1.21 1.00 
    47.06 8.891 -2.32 -1.01 1.43 
    46.89 8.877 -2.47 -1.11 1.36 
    46.72 9.000 -2.72 -1.22 0.44 
    46.56 9.073 -3.04 -1.25 -0.27 
    46.39 9.208 -3.17 -1.50 -1.13 
    46.22 9.207 -3.21 -1.63 -1.16 
    46.06 9.103 -3.16 -1.43 -0.55 
    45.89 9.145 -2.82 -1.39 -0.44 
    45.72 9.173 -2.48 -1.36 -0.25 
    45.56 9.184 -2.63 -1.31 -0.46 
    45.39 9.216 -2.84 -1.26 -0.84 
    45.22 9.203 -3.00 -1.25 -0.93 
    45.06 9.137 -3.10 -1.31 -0.68 
    44.89 9.045 -3.17 -1.32 -0.25 
    44.72 9.029 -3.13 -1.18 -0.12 
    44.56 9.012 -3.09 -1.04 0.00 
    44.39 9.036 -2.96 -0.93 0.01 
    44.22 9.072 -2.68 -0.87 0.10 
    44.06 9.098 -2.61 -1.01 0.02 
    43.89 9.096 -3.00 -1.14 -0.36 
    43.72 9.021 -3.41 -0.96 -0.36 
    43.56 8.999 -3.46 -1.09 -0.29 
    43.39 9.002 -2.61 -1.26 0.54 
    43.22 9.079 -2.76 -1.46 -0.02 
    43.05 9.141 -2.61 -1.53 -0.21 
    42.89 9.083 -2.71 -1.78 0.01 
    42.72 9.064 -3.21 -2.28 -0.39 
    42.55 8.962 -3.37 -2.30 0.00 
    42.39 8.939 -3.16 -2.11 0.32 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track C Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    42.22 9.053 -2.68 -1.52 0.20 
    42.05 9.046 -2.75 -1.58 0.16 
    41.89 8.998 -3.07 -1.70 0.10 
    41.72 8.936 -3.29 -1.78 0.21 
    41.55 8.907 -3.16 -1.64 0.50 
    41.39 8.930 -2.97 -1.53 0.57 
    41.22 8.972 -2.77 -1.59 0.54 
    41.05 9.014 -2.57 -1.65 0.52 
    40.89 9.016 -2.49 -1.73 0.58 
    40.72 8.996 -2.67 -1.85 0.51 
    40.55 8.951 -2.87 -1.82 0.55 
    40.39 8.950 -2.94 -1.65 0.49 
    40.22 8.977 -2.71 -1.27 0.57 
    40.05 9.046 -2.62 -1.26 0.29 
    39.89 9.044 -2.68 -1.40 0.24 
    39.72 8.998 -3.07 -1.66 0.10 
    39.55 8.929 -3.13 -1.79 0.41 
    39.39 8.932 -2.50 -1.72 1.03 
    39.22 8.971 -2.67 -1.52 0.64 
    39.05 9.047 -2.62 -1.38 0.29 
    38.89 9.043 -2.61 -1.31 0.32 
    38.72 9.009 -2.83 -1.40 0.28 
    38.55 8.956 -2.95 -1.48 0.45 
    38.39 8.993 -2.93 -1.45 0.26 
    38.22 9.053 -2.69 -1.20 0.19 
    38.05 9.109 -2.76 -1.31 -0.18 
    37.89 9.098 -2.97 -1.52 -0.34 
    37.72 9.031 -3.19 -1.63 -0.20 
    37.55 8.979 -2.94 -1.43 0.33 
    37.39 9.019 -2.54 -1.28 0.52 
    37.22 9.043 -2.29 -1.27 0.64 
    37.05 9.039 -2.62 -1.64 0.33 
    36.89 9.032 -2.96 -1.85 0.03 
    36.72 9.011 -3.27 -1.80 -0.17 
    36.55 8.982 -2.99 -1.78 0.26 
    36.39 8.988 -2.82 -1.73 0.41 
    36.22 9.028 -2.49 -1.34 0.52 
    36.05 9.127 -2.48 -1.26 0.00 
    35.89 9.091 -2.46 -1.48 0.21 
    35.72 9.000 -2.96 -1.71 0.20 
    35.55 8.931 -3.20 -1.55 0.34 
    35.39 8.930 -3.17 -1.60 0.37 
    35.22 9.049 -2.81 -1.36 0.09 
    35.05 9.125 -2.41 -1.11 0.08 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track C Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    34.89 9.099 -2.62 -1.27 0.01 
    34.72 9.053 -3.08 -1.41 -0.21 
    34.55 9.014 -3.12 -1.56 -0.03 
    34.39 9.013 -3.31 -1.57 -0.22 
    34.22 9.061 -2.91 -1.30 -0.07 
    34.05 9.072 -2.78 -1.20 0.00 
    33.89 9.054 -2.96 -1.27 -0.09 
    33.72 8.996 -3.28 -1.36 -0.10 
    33.55 8.970 -3.26 -1.26 0.06 
    33.39 8.984 -3.06 -1.09 0.19 
    33.22 9.024 -2.88 -0.95 0.15 
    33.05 9.065 -2.74 -0.91 0.07 
    32.89 9.037 -2.71 -1.05 0.25 
    32.72 8.993 -3.20 -1.38 0.00 
    32.55 8.946 -3.53 -1.64 -0.08 
    32.39 9.047 -3.26 -1.40 -0.35 
    32.22 9.110 -2.55 -1.09 0.01 
    32.05 9.119 -2.69 -1.20 -0.17 
    31.89 9.115 -3.12 -1.16 -0.58 
    31.72 9.041 -3.27 -1.21 -0.33 
    31.55 8.953 -3.24 -1.41 0.18 
    31.39 8.986 -3.03 -1.49 0.21 
    31.22 9.046 -2.67 -1.44 0.24 
    31.05 9.088 -2.88 -1.56 -0.20 
    30.89 9.070 -3.17 -1.73 -0.39 
    30.72 8.986 -3.29 -1.78 -0.06 
    30.55 8.941 -3.24 -1.61 0.24 
    30.39 8.971 -3.21 -1.42 0.11 
    30.22 9.026 -2.90 -1.37 0.12 
    30.05 9.047 -3.01 -1.33 -0.10 
    29.89 9.041 -3.10 -1.38 -0.17 
    29.72 9.024 -3.25 -1.36 -0.22 
    29.55 8.995 -3.27 -1.27 -0.08 
    29.39 9.019 -2.91 -0.93 0.15 
    29.22 9.121 -2.48 -0.63 0.02 
    29.05 9.140 -2.36 -0.61 0.04 
    28.89 9.128 -2.51 -0.67 -0.04 
    28.72 9.104 -2.80 -0.60 -0.20 
    28.55 9.084 -2.83 -0.75 -0.12 
    28.39 9.100 -2.83 -0.92 -0.21 
    28.22 9.120 -2.75 -1.24 -0.23 
    28.05 9.146 -2.80 -1.26 -0.43 
    27.89 9.089 -2.93 -1.15 -0.25 
    27.72 9.045 -3.02 -1.27 -0.10 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track C Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    27.55 9.021 -3.13 -1.26 -0.08 
    27.39 9.094 -3.17 -1.16 -0.51 
    27.22 9.124 -2.73 -1.00 -0.24 
    27.05 9.148 -2.50 -1.07 -0.14 
    26.89 9.128 -2.96 -0.99 -0.48 
  26.72 9.042 -3.34 -0.80   
  26.55 9.020 -3.24 -0.68   
  26.39 9.014 -3.00 -0.67   
  26.22 9.086 -2.74 -0.42   
  26.05 9.044 -2.26 -0.53   
  25.88 9.073 -1.92 -0.85   
  25.72 9.067 -2.07 -0.87   
  25.55 9.031 -2.23 -0.89   
  25.38 9.003 -2.36 -0.91   
  25.22 9.063 -2.39 -0.87   
  25.05 9.144 -2.42 -0.82   
  24.88 9.140 -2.48 -0.80   
  24.72 9.086 -2.77 -0.93   
  24.55 9.034 -2.87 -1.10   
  24.38 8.988 -2.84 -1.28   
  24.22 9.002 -2.78 -1.37   
  24.05 9.020 -2.72 -1.47   
  23.88 8.997 -2.67 -1.55   
  23.72 8.952 -2.79 -1.49   
  23.55 8.900 -3.27 -1.43   
  23.38 8.931 -3.33 -1.31   
  23.22 8.992 -2.96 -1.07   
  
O
ve
rla
p 
on
to
 T
ra
ck
 D
 
23.05 9.011 -2.22 -1.10   
 
UF35438 Track D Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    26.72 9.058 -2.92 -0.75 -0.07 
    26.55 9.055 -3.39 -0.83 -0.52 
    26.39 9.038 -3.21 -0.86 -0.26 
    26.22 9.053 -2.95 -1.12 -0.07 
    26.05 9.057 -2.82 -1.37 0.04 
    25.88 9.055 -2.86 -1.55 0.01 
    25.72 9.052 -3.29 -1.43 -0.41 
    25.55 9.016 -3.50 -1.40 -0.43 
    25.38 8.987 -2.87 -1.18 0.37 
    25.22 9.065 -2.76 -1.08 0.05 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track D Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    25.05 9.115 -2.65 -1.10 -0.11 
    24.88 9.133 -2.53 -1.24 -0.08 
    24.72 9.087 -3.25 -1.05 -0.56 
    24.55 9.072 -3.54 -0.90 -0.77 
    24.38 8.995 -3.52 -1.24 -0.33 
    24.22 9.002 -3.15 -1.17 0.00 
    24.05 9.029 -2.81 -1.05 0.20 
    23.88 9.077 -2.51 -0.86 0.24 
    23.72 8.992 -2.73 -1.46 0.48 
    23.55 8.908 -3.36 -1.35 0.30 
    23.38 8.898 -3.47 -1.41 0.24 
    23.22 8.944 -3.22 -1.67 0.24 
    23.05 8.993 -3.39 -1.57 -0.20 
    22.88 8.995 -3.23 -1.66 -0.05 
    22.72 8.997 -3.46 -1.52 -0.29 
    22.55 8.989 -3.46 -1.35 -0.24 
    22.38 8.970 -3.24 -1.16 0.08 
    22.22 9.021 -3.10 -1.38 -0.05 
    22.05 9.058 -3.11 -1.52 -0.26 
    21.88 9.080 -3.28 -1.57 -0.55 
    21.72 9.066 -3.36 -1.58 -0.55 
    21.55 9.036 -3.39 -1.59 -0.42 
    21.38 8.989 -3.36 -1.61 -0.14 
    21.22 9.028 -2.70 -1.24 0.31 
    21.05 9.065 -3.16 -1.57 -0.35 
    20.88 9.096 -3.57 -1.71 -0.93 
    20.72 9.054 -3.34 -1.58 -0.47 
    20.55 9.021 -3.24 -1.38 -0.19 
    20.38 8.999 -3.29 -1.09 -0.13 
    20.22 9.059 -2.91 -0.98 -0.07 
    20.05 9.088 -2.70 -1.05 -0.01 
    19.88 9.080 -2.68 -1.28 0.04 
    19.72 9.098 -2.65 -1.57 -0.02 
    19.55 9.062 -2.96 -1.56 -0.13 
    19.38 9.005 -3.04 -0.96 0.09 
    19.22 9.010 -2.96 -1.17 0.14 
    19.05 9.023 -3.13 -1.46 -0.09 
    18.88 9.025 -3.38 -1.37 -0.36 
    18.72 8.993 -3.41 -1.38 -0.20 
    18.55 8.965 -3.31 -1.31 0.04 
    18.38 8.944 -3.08 -1.14 0.38 
    18.22 9.029 -2.98 -0.91 0.03 
    18.05 9.023 -2.89 -1.17 0.15 
    17.88 9.034 -3.05 -1.42 -0.07 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track D Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    17.72 8.999 -3.23 -1.42 -0.07 
    17.55 8.978 -3.21 -1.33 0.07 
    17.38 8.954 -3.07 -1.09 0.34 
    17.22 8.967 -2.97 -1.13 0.37 
    17.05 8.981 -2.87 -1.17 0.40 
    16.88 8.994 -2.77 -1.21 0.42 
    16.72 8.973 -2.79 -1.34 0.51 
    16.55 8.951 -2.82 -1.48 0.60 
    16.38 8.929 -2.85 -1.62 0.70 
    16.22 8.949 -3.07 -1.56 0.37 
    16.05 8.970 -3.30 -1.49 0.02 
    15.88 8.970 -3.31 -1.45 0.01 
    15.72 8.970 -3.32 -1.42 0.01 
    15.55 8.964 -3.18 -1.28 0.18 
    15.38 8.958 -3.03 -1.14 0.36 
    15.22 9.029 -2.86 -1.18 0.15 
    15.05 9.076 -2.83 -1.24 -0.08 
    14.88 9.094 -2.97 -1.33 -0.31 
    14.72 9.076 -3.16 -1.40 -0.41 
    14.55 9.048 -3.27 -1.45 -0.36 
    14.38 9.006 -3.26 -1.45 -0.13 
    14.22 9.013 -2.89 -1.24 0.20 
    14.05 9.026 -2.80 -1.14 0.22 
    13.88 9.043 -3.05 -1.15 -0.12 
    13.72 9.037 -3.12 -1.09 -0.16 
    13.55 9.012 -3.45 -1.10 -0.35 
    13.38 8.976 -3.34 -0.96 -0.05 
    13.22 8.996 -3.13 -0.96 0.05 
    13.05 9.025 -3.05 -0.95 -0.02 
    12.88 9.064 -3.13 -0.94 -0.31 
    12.72 9.060 -3.29 -1.07 -0.46 
    12.55 9.016 -3.35 -1.16 -0.28 
    12.38 9.002 -3.19 -0.89 -0.04 
    12.22 9.027 -3.13 -0.91 -0.11 
    12.05 9.055 -3.06 -0.94 -0.19 
    11.88 9.082 -3.00 -0.97 -0.28 
    11.72 9.060 -2.96 -0.98 -0.12 
    11.55 9.036 -2.92 -0.99 0.05 
    11.38 9.012 -2.88 -0.99 0.22 
    11.22 9.026 -2.94 -1.03 0.08 
    11.05 9.041 -3.00 -1.07 -0.06 
    10.88 9.056 -3.07 -1.10 -0.21 
    10.72 9.019 -3.14 -1.16 -0.09 
    10.55 8.988 -3.15 -1.19 0.07 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track D Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    10.38 8.966 -3.08 -1.21 0.26 
    10.22 8.981 -3.06 -1.16 0.20 
    10.05 8.999 -3.04 -1.11 0.13 
    9.88 9.016 -3.01 -1.06 0.06 
    9.72 9.010 -2.87 -1.14 0.24 
    9.55 9.004 -2.77 -1.22 0.37 
    9.38 9.001 -2.74 -1.28 0.42 
    9.21 9.015 -2.77 -1.27 0.31 
    9.05 9.029 -2.82 -1.26 0.19 
    8.88 9.044 -2.86 -1.24 0.07 
    8.71 9.011 -2.92 -1.26 0.18 
    8.55 8.976 -3.03 -1.32 0.26 
    8.38 8.952 -3.11 -1.32 0.31 
    8.21 8.957 -3.03 -1.15 0.36 
    8.05 8.977 -2.68 -0.99 0.60 
    7.88 8.986 -2.67 -1.09 0.57 
    7.71 8.963 -3.21 -1.53 0.15 
    7.55 8.951 -3.43 -1.41 -0.01 
    7.38 8.946 -3.43 -1.30 0.03 
    7.21 8.974 -3.19 -1.19 0.11 
    7.05 9.016 -3.05 -1.31 0.02 
    6.88 9.044 -3.03 -1.50 -0.11 
    6.71 9.035 -3.08 -1.54 -0.10 
    6.55 8.994 -3.08 -1.39 0.11 
    6.38 8.956 -2.97 -1.11 0.43 
    6.21 8.990 -2.94 -1.16 0.28 
    6.05 9.013 -2.93 -1.20 0.16 
    5.88 9.016 -2.95 -1.18 0.13 
    5.71 8.996 -3.21 -1.38 -0.03 
    5.55 8.968 -3.36 -1.38 -0.03 
    5.38 8.961 -3.27 -1.19 0.09 
    5.21 9.057 -2.87 -0.75 -0.02 
    5.05 9.082 -2.52 -1.00 0.20 
    4.88 9.101 -2.96 -1.49 -0.34 
    4.71 9.088 -3.26 -1.42 -0.58 
    4.55 8.964 -3.38 -1.30 -0.03 
    4.38 8.956 -3.12 -0.93 0.27 
    4.21 8.952 -2.97 -0.86 0.44 
    4.05 8.973 -2.96 -0.77 0.35 
    3.88 9.020 -3.08 -0.66 -0.03 
    3.71 9.001 -3.17 -0.68 -0.02 
    3.55 8.978 -3.26 -0.71 0.01 
    3.38 8.955 -3.35 -0.74 0.05 
    3.21 8.978 -3.21 -0.65 0.07 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35438 Track D Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
    3.05 9.033 -2.99 -1.06 -0.01 
    2.88 9.052 -2.97 -0.98 -0.09 
    2.71 9.029 -3.07 -0.98 -0.06 
    2.55 9.031 -2.96 -0.81 0.03 
    2.38 8.988 -2.94 -0.80 0.28 
    2.21 9.039 -2.91 -1.16 0.04 
    2.05 9.056 -2.92 -0.79 -0.06 
    1.88 9.077 -2.84 -0.87 -0.10 
    1.71 9.057 -2.83 -0.88 0.02 
    1.55 9.035 -2.85 -0.97 0.12 
    1.38 9.014 -2.92 -1.17 0.17 
    1.21 9.034 -2.81 -1.03 0.16 
 
UF35931 Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
  24.12 9.038 -2.96 -1.31 -0.15 
  23.95 9.001 -3.15 -1.12 -0.13 
  23.79 9.035 -2.94 -1.14 -0.12 
  23.62 9.096 -2.67 -1.26 -0.20 
  23.45 9.121 -2.81 -1.43 -0.49 
  23.29 9.098 -3.03 -1.38 -0.57 
  23.12 9.039 -3.22 -1.17 -0.42 
  22.95 8.985 -3.27 -1.26 -0.16 
  22.79 8.992 -3.24 -1.05 -0.17 
  22.62 9.111 -2.99 -1.09 -0.60 
  22.45 9.195 -2.45 -1.50 -0.56 
  22.29 9.193 -2.19 -1.61 -0.28 
  22.12 9.170 -2.33 -1.54 -0.30 
  21.95 9.097 -2.74 -1.46 -0.28 
  21.79 9.067 -2.87 -1.27 -0.23 
  21.62 9.090 -2.70 -1.05 -0.19 
  21.45 9.163 -2.44 -1.11 -0.36 
  21.29 9.129 -2.53 -1.73 -0.25 
  21.12 8.981 -3.12 -1.91 0.02 
  20.95 8.852 -3.43 -1.57 0.46 
  20.79 8.862 -3.30 -1.40 0.53 
  20.62 8.926 -2.96 -1.41 0.50 
  20.45 9.010 -2.68 -1.58 0.29 
  20.29 9.033 -2.64 -1.69 0.20 
  20.12 8.968 -3.10 -1.83 0.12 
  19.95 8.917 -3.08 -1.73 0.44 
  19.79 8.885 -3.13 -1.54 0.57 
  19.62 8.925 -2.98 -1.42 0.48 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35931 Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
  19.45 9.035 -2.68 -1.52 0.14 
  19.29 9.061 -2.72 -1.61 -0.05 
  19.12 8.975 -3.04 -1.64 0.13 
  18.95 8.913 -3.08 -1.64 0.46 
  18.79 8.948 -2.78 -1.38 0.55 
  18.62 9.018 -2.69 -1.38 0.23 
  18.45 9.088 -2.60 -1.38 -0.09 
  18.29 9.100 -2.50 -1.62 -0.06 
  18.12 9.070 -2.99 -1.85 -0.37 
  17.95 8.954 -3.49 -1.64 -0.19 
  17.79 8.902 -3.42 -1.38 0.18 
  17.62 8.948 -3.15 -1.07 0.18 
  17.45 9.050 -2.74 -0.98 -0.01 
  17.29 9.024 -2.85 -1.09 0.04 
  17.12 9.014 -2.96 -1.04 -0.01 
  16.95 8.972 -3.08 -0.95 0.11 
  16.79 8.981 -3.09 -0.84 0.05 
  16.62 9.023 -2.95 -0.81 -0.06 
  16.45 9.094 -2.83 -0.99 -0.36 
  16.29 9.115 -2.86 -1.10 -0.50 
  16.12 9.086 -2.94 -1.09 -0.41 
  15.95 9.048 -3.13 -1.05 -0.38 
  15.79 9.037 -3.20 -0.96 -0.39 
  15.62 9.051 -3.16 -0.82 -0.43 
  15.45 9.064 -3.12 -0.67 -0.46 
  15.29 9.051 -3.17 -0.73 -0.45 
  15.12 9.018 -3.28 -0.91 -0.35 
  14.95 8.985 -3.23 -0.86 -0.11 
  14.79 8.996 -3.14 -0.86 -0.09 
  14.62 9.044 -3.00 -0.98 -0.23 
  14.45 9.096 -2.78 -1.34 -0.31 
  14.29 9.076 -3.12 -1.47 -0.54 
  14.12 9.006 -3.49 -1.36 -0.50 
  13.95 8.901 -3.66 -1.23 -0.06 
  13.79 8.894 -3.46 -1.05 0.19 
  13.62 8.955 -3.10 -1.08 0.19 
  13.45 9.021 -2.94 -1.27 -0.03 
  13.29 9.001 -3.04 -1.32 -0.02 
  13.12 8.969 -3.38 -1.12 -0.17 
  12.95 8.952 -3.45 -0.95 -0.14 
  12.79 9.005 -3.14 -0.90 -0.14 
  12.62 9.109 -2.76 -1.00 -0.37 
  12.45 9.174 -2.47 -1.15 -0.45 
  12.29 9.132 -2.72 -1.33 -0.45 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35931 Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
  12.12 9.046 -3.11 -1.31 -0.35 
  11.95 8.963 -3.30 -1.07 -0.05 
  11.79 8.943 -3.18 -0.82 0.18 
  11.62 9.012 -2.80 -0.81 0.16 
  11.45 9.118 -2.60 -1.21 -0.26 
  11.29 9.065 -2.94 -1.42 -0.29 
  11.12 9.005 -3.28 -1.07 -0.28 
  10.95 8.958 -3.15 -0.83 0.12 
  10.79 9.011 -2.76 -0.93 0.20 
  10.62 9.129 -2.50 -1.12 -0.22 
  10.45 9.147 -2.45 -1.17 -0.28 
  10.29 9.069 -2.85 -1.35 -0.22 
  10.12 8.974 -3.26 -1.29 -0.08 
  9.95 8.922 -3.42 -1.09 0.07 
  9.79 8.997 -3.02 -0.95 0.02 
  9.62 9.114 -2.57 -0.91 -0.21 
  9.45 9.155 -2.52 -1.15 -0.39 
  9.29 9.089 -2.68 -1.30 -0.17 
  9.12 8.978 -3.06 -1.21 0.10 
  8.95 8.911 -3.41 -0.96 0.13 
  8.79 8.909 -3.40 -0.81 0.15 
  8.62 8.939 -3.20 -0.82 0.18 
  8.45 8.954 -3.11 -1.06 0.18 
  8.29 8.948 -3.06 -1.41 0.27 
  8.12 8.934 -3.07 -1.73 0.34 
  7.95 8.901 -3.12 -1.78 0.49 
  7.79 8.921 -2.91 -1.55 0.57 
  7.62 9.026 -2.56 -1.46 0.31 
  7.45 9.138 -2.24 -1.55 -0.02 
  7.29 9.145 -2.19 -1.77 -0.01 
  7.12 9.046 -2.52 -1.72 0.24 
  6.95 8.951 -2.80 -1.52 0.51 
  6.79 8.918 -2.88 -1.17 0.62 
  6.62 8.968 -2.70 -0.97 0.51 
  6.45 9.111 -2.53 -1.28 -0.15 
  6.29 9.095 -2.52 -1.58 -0.04 
  6.12 9.044 -2.59 -1.43 0.18 
  5.95 8.971 -2.77 -1.43 0.43 
  5.79 8.968 -2.79 -1.21 0.42 
  5.62 9.010 -2.74 -1.15 0.24 
  5.45 9.065 -2.85 -1.12 -0.20 
  5.29 9.057 -2.81 -1.15 -0.12 
  5.12 9.003 -2.91 -1.10 0.10 
  4.95 8.967 -2.69 -1.00 0.53 
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Appendix B (cont.): Pliocene Siderastrea spp. Stable Isotope and Sr/Ca Data 
UF35931 Relative Year 
Sr/Ca 
(mmol/mol) 
δ18O 
(‰) 
δ13C 
(‰) 
Calculated 
δ18OSW 
(‰) 
  4.79 8.989 -2.46 -0.93 0.63 
  4.62 9.076 -2.63 -1.15 -0.05 
  4.45 9.103 -2.61 -1.34 -0.18 
  4.29 8.988 -2.97 -1.32 0.13 
  4.12 8.928 -3.27 -1.28 0.17 
  3.95 8.895 -3.36 -1.10 0.27 
  3.79 8.896 -3.33 -1.02 0.31 
  3.62 8.899 -3.24 -1.06 0.38 
  3.45 8.941 -3.08 -1.06 0.29 
  3.29 8.950 -3.05 -1.02 0.27 
  3.12 8.933 -3.09 -0.97 0.32 
  2.95 8.917 -3.14 -0.92 0.37 
  2.79 8.950 -3.04 -0.95 0.27 
  2.62 9.017 -2.85 -1.04 0.08 
  2.45 9.083 -2.66 -1.13 -0.12 
  2.29 9.097 -2.73 -1.20 -0.27 
  2.12 8.988 -3.06 -1.07 0.04 
  1.95 8.891 -3.36 -0.86 0.30 
  1.79 8.943 -3.30 -0.70 0.06 
  1.62 9.032 -2.98 -0.98 -0.14 
  1.45 9.077 -2.76 -1.30 -0.18 
  1.29 9.029 -2.88 -1.32 -0.02 
  1.12 8.941 -3.12 -1.28 0.25 
  0.95 8.862 -3.33 -1.14 0.50 
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Appendix C: Pliocene and Pleistocene P/Ca Data from Siderastrea spp. 
Formation Sample ID Coral Morphology 
P/Ca 
(µmol/mol) 
Coral Averaged 
P/Ca 
(µmol/mol) 
Bermont UF56940-A Ball 71.8   
Bermont UF56940-B Ball 90.8 76.4 
Bermont UF56940-C Ball 66.5   
Bermont UF56948-A Ball 61.3   
Bermont UF56948-B Ball 52.7 60.5 
Bermont UF56948-C Ball 67.6   
Bermont UF115124-A Ball 89.9   
Bermont UF115124-B Ball 81.4 90.3 
Bermont UF115124-C Ball 99.7   
Bermont UF15132-A Ball 72.9   
Bermont UF15132-B Ball 71.4 69.9 
Bermont UF15132-C Ball 65.5   
Bermont UF115136-A Ball 50.1   
Bermont UF115136-B Ball 66.9 58.2 
Bermont UF115136-C Ball 57.7   
Bermont UF115135-A Ball 68.5   
Bermont UF115135-B Ball 90.8 90.7 
Bermont UF115135-C Ball 112.9   
Bermont UF115137-A Ball 83.6   
Bermont UF115137-B Ball 80.8 85.2 
Bermont UF115137-C Ball 91.1   
Bermont UF115139-A Ball 81.9   
Bermont UF115139-B Ball 74.3 81.4 
Bermont UF115139-C Ball 88.0   
Bermont UF115131-A Ball 116.8   
Bermont UF115131-B Ball 101.7 102.6 
Bermont UF115131-C Ball 89.4   
Bermont UF56363-A Ball 82.9   
Bermont UF56363-B Ball 62.0 70.4 
Bermont UF56363-C Ball 66.2   
Bermont UF115125-A Ball 130.5   
Bermont UF115125-B Ball 76.8 104.0 
Bermont UF115125-C Ball 104.7   
Bermont UF56357-A Ball 98.9   
Bermont UF56357-B Ball 78.5 78.1 
Bermont UF56357-C Ball 57.0   
Bermont UF115134-A Ball 143.2   
Bermont UF115134-B Ball 55.2 87.3 
Bermont UF115134-C Ball 63.5   
Bermont UF15890-A Ball 99.1   
Bermont UF15890-B Ball 96.8 118.2 
Bermont UF15890-C Ball 158.6   
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Appendix C (cont.): Pliocene and Pleistocene P/Ca Data from Siderastrea spp. 
Formation Sample ID Coral Morphology 
P/Ca 
(µmol/mol) 
Coral Averaged 
P/Ca 
(µmol/mol) 
Bermont UF115126-A Ball 66.1   
Bermont UF115126-B Ball 71.6 81.3 
Bermont UF115126-C Ball 106.2   
Bermont UF14880-A Ball 125.7   
Bermont UF14880-B Ball 65.9 107.9 
Bermont UF14880-C Ball 132.0   
Bermont UF115121-A Stacked 66.9   
Bermont UF115121-B Stacked 71.9 67.5 
Bermont UF115121-C Stacked 63.8   
Bermont UF56356-A Stacked 89.4   
Bermont UF56356-B Stacked 52.7 60.9 
Bermont UF56356-C Stacked 40.7   
Bermont UF19524-A Stacked 44.8   
Bermont UF19524-B Stacked 57.4 52.2 
Bermont UF19524-C Stacked 54.4   
Bermont UF115134-A Stacked 61.7   
Bermont UF115134-B Stacked 63.3 60.7 
Bermont UF115134-C Stacked 57.1   
 
Formation Sample ID Coral Morphology 
P/Ca 
(µmol/mol) 
Coral Averaged 
P/Ca (µmol/mol) 
Caloosahatchee UF23648-A Ball 63.5   
Caloosahatchee UF23648-B Ball 71.2 71.7 
Caloosahatchee UF23648-C Ball 80.5   
Caloosahatchee UF41908-A Ball 77.3   
Caloosahatchee UF41908-B Ball 140.3 139.9 
Caloosahatchee UF41908-C Ball 202.1   
Caloosahatchee UF35108-A Ball 110.2   
Caloosahatchee UF35108-B Ball 68.9 89.3 
Caloosahatchee UF35108-C Ball 88.8   
Caloosahatchee UF25687-A Ball 82.1   
Caloosahatchee UF25687-B Ball 113.7 82.5 
Caloosahatchee UF25687-C Ball 51.7   
Caloosahatchee UF14987a-A Ball 77.8   
Caloosahatchee UF14987a-B Ball 83.0 78.0 
Caloosahatchee UF14987a-C Ball 73.1   
Caloosahatchee UF36068a-A Ball 67.3   
Caloosahatchee UF36068a-B Ball 77.1 71.1 
Caloosahatchee UF36068a-C Ball 68.8   
Caloosahatchee UF23648-A Ball 80.9   
Caloosahatchee UF23648-B Ball 123.1 91.9 
Caloosahatchee UF23648-C Ball 71.7   
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Appendix C (cont.): Pliocene and Pleistocene P/Ca Data from Siderastrea spp. 
Formation Sample ID Coral Morphology 
P/Ca 
(µmol/mol) 
Coral Averaged 
P/Ca (µmol/mol) 
Caloosahatchee UF14987b-A Ball 63.8   
Caloosahatchee UF14987b-B Ball 76.8 74.7 
Caloosahatchee UF14987b-C Ball 83.6   
Caloosahatchee UF123688-A Ball 92.0   
Caloosahatchee UF123688-B Ball 53.2 75.7 
Caloosahatchee UF123688-C Ball 81.8   
Caloosahatchee UF157720-A Ball 86.5   
Caloosahatchee UF157720-B Ball 72.0 81.4 
Caloosahatchee UF157720-C Ball 85.8   
Caloosahatchee UF36068b-A Ball 59.8   
Caloosahatchee UF36068b-B Ball 57.2 58.6 
Caloosahatchee UF36068b-C Ball 58.8   
Caloosahatchee UF35108-A Ball 65.5   
Caloosahatchee UF35108-B Ball 54.0 57.5 
Caloosahatchee UF35108-C Ball 53.0   
Caloosahatchee UF41908-A Ball 57.2   
Caloosahatchee UF41908-B Ball 39.1 47.5 
Caloosahatchee UF41908-C Ball 46.2   
Caloosahatchee UF23648a-A Ball 56.6   
Caloosahatchee UF23648a-B Ball 99.4 98.8 
Caloosahatchee UF23648a-C Ball 140.3   
Caloosahatchee UF35110a-A Ball 67.0   
Caloosahatchee UF35110a-B Ball 69.2 68.0 
Caloosahatchee UF35110a-C Ball 67.9   
Caloosahatchee UF35110b-A Ball 83.8   
Caloosahatchee UF35110b -B Ball 75.9 77.7 
Caloosahatchee UF35110b -C Ball 73.4   
Caloosahatchee UF153364-A Ball 38.6   
Caloosahatchee UF153364-B Ball 33.7 48.9 
Caloosahatchee UF153364-C Ball 74.4   
Caloosahatchee UF23648b-A Ball 81.8   
Caloosahatchee UF23648b-B Ball 71.0 85.2 
Caloosahatchee UF23648b-C Ball 102.9   
Caloosahatchee UF14987c-A Stacked 132.8   
Caloosahatchee UF14987c -B Stacked 95.8 95.8 
Caloosahatchee UF14987c -C Stacked 58.7   
Caloosahatchee UF127475-A Stacked 76.7   
Caloosahatchee UF127475-B Stacked 48.9 57.2 
Caloosahatchee UF127475-C Stacked 46.2   
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Appendix C (cont.): Pliocene and Pleistocene P/Ca Data from Siderastrea spp. 
Formation Sample ID Coral Morphology 
P/Ca 
(µmol/mol) 
Coral 
Averaged 
P/Ca 
(µmol/mol) 
Pinecrest UF53145-A Stacked 153.6   
Pinecrest UF53145-B Stacked 113.1 170.9 
Pinecrest UF53145-C Stacked 246.1   
Pinecrest UF35520-A Stacked 152.6   
Pinecrest UF35520-B Stacked 182.2 163.0 
Pinecrest UF35520-C Stacked 154.2   
Pinecrest UF35929-A Stacked 69.7   
Pinecrest UF35929-B Stacked 77.6 77.6 
Pinecrest UF35929-C Stacked 85.6   
Pinecrest UF32189-A Stacked 382.2   
Pinecrest UF32189-B Stacked 139.3 214.1 
Pinecrest UF32189-C Stacked 120.7   
Pinecrest UF41392-A Stacked 118.3   
Pinecrest UF41392-B Stacked 148.5 132.4 
Pinecrest UF41392-C Stacked 130.4   
Pinecrest UF35524a-A Stacked 159.4   
Pinecrest UF35524a-B Stacked 141.2 146.6 
Pinecrest UF35524a-C Stacked 139.0   
Pinecrest UF35524b-A Stacked 157.3   
Pinecrest UF35524b-B Stacked 108.2 124.2 
Pinecrest UF35524b-C Stacked 107.0   
Pinecrest UF35524c-A Stacked 140.4   
Pinecrest UF35524c-B Stacked 106.2 117.8 
Pinecrest UF35524c-C Stacked 106.8   
Pinecrest UF41392-A Stacked 131.9   
Pinecrest UF41392-B Stacked 125.3 131.8 
Pinecrest UF41392-C Stacked 138.2   
Pinecrest UF38138-A Stacked 126.3   
Pinecrest UF38138-B Stacked 149.0 161.1 
Pinecrest UF38138-C Stacked 207.9   
Pinecrest UF38273-A Stacked 111.4   
Pinecrest UF38273-B Stacked 116.6 113.3 
Pinecrest UF38273-C Stacked 111.7   
Pinecrest UF32187-A Stacked 118.7   
Pinecrest UF32187-B Stacked 143.3 195.6 
Pinecrest UF32187-C Stacked 324.9   
Pinecrest UF53131-A Stacked 124.4   
Pinecrest UF53131-B Stacked 173.8 245.9 
Pinecrest UF53131-C Stacked 439.5   
Pinecrest UF35522-A Stacked 159.9   
Pinecrest UF35522-B Stacked 174.8 164.5 
Pinecrest UF35522-C Stacked 158.7   
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Appendix C (cont.): Pliocene and Pleistocene P/Ca Data from Siderastrea spp. 
Formation Sample ID Coral Morphology 
P/Ca 
(µmol/mol) 
Coral 
Averaged 
P/Ca 
(µmol/mol) 
Pinecrest UF32188-A Stacked 134.0   
Pinecrest UF32188-B Stacked 137.7 135.9 
Pinecrest UF32188-C Stacked 136.0   
Pinecrest UF171641-A Stacked 122.4   
Pinecrest UF171641-B Stacked 145.9 132.3 
Pinecrest UF171641-C Stacked 128.5   
Pinecrest UF35438-A Stacked 128.0   
Pinecrest UF35438-B Stacked 129.1 127.4 
Pinecrest UF35438-C Stacked 125.0   
Pinecrest UF35931-A Stacked 257.1   
Pinecrest UF35931-B Stacked 110.5 164.1 
Pinecrest UF35931-C Stacked 124.5   
Pinecrest UF46858-A Ball 126.2   
Pinecrest UF46858-B Ball 91.4 104.6 
Pinecrest UF46858-C Ball 96.2   
Pinecrest UF35520-A Ball 111.0   
Pinecrest UF35520-B Ball 115.7 116.6 
Pinecrest UF35520-C Ball 123.1   
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Appendix D: Pliocene Seasonal P/Ca Data from Siderastrea spp. 
 
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol) 
81.73 291.4   74.56 145.4   67.39 185.5 
81.56 252.7   74.39 150.7   67.23 210.0 
81.40 242.1   74.23 154.9   67.06 222.7 
81.23 258.5   74.06 146.5   66.89 215.3 
81.06 251.6   73.89 168.5   66.73 196.7 
80.90 219.9   73.73 168.2   66.56 178.2 
80.73 205.4   73.56 157.4   66.39 182.4 
80.56 218.6   73.39 155.5   66.23 199.0 
80.40 240.3   73.23 282.2   66.06 183.8 
80.23 239.2   73.06 137.0   65.89 177.3 
80.06 166.2   72.89 154.6   65.73 176.9 
79.90 147.9   72.73 180.6   65.56 200.1 
79.73 150.8   72.56 191.0   65.39 234.8 
79.56 168.6   72.39 189.0   65.23 211.6 
79.40 221.8   72.23 185.0   65.06 161.6 
79.23 222.1   72.06 158.7   64.89 140.5 
79.06 311.5   71.89 149.8   64.73 138.7 
78.90 383.0   71.73 172.4   64.56 139.9 
78.73 241.6   71.56 164.0   64.39 144.1 
78.56 171.9   71.39 196.2   64.23 149.0 
78.40 163.8   71.23 195.1   64.06 161.6 
78.23 158.6   71.06 194.0   63.89 161.9 
78.06 154.6   70.89 170.2   63.73 158.9 
77.90 150.6   70.73 151.6   63.56 157.5 
77.73 157.5   70.56 145.7   63.39 154.6 
77.56 142.3   70.39 142.8   63.23 162.4 
77.40 155.7   70.23 144.9   63.06 260.5 
77.23 143.5   70.06 147.1   62.89 248.4 
77.06 152.5   69.89 149.2   62.73 176.9 
76.90 150.7   69.73 137.7   62.56 188.4 
76.73 148.9   69.56 167.8   62.39 194.6 
76.56 147.0   69.39 179.8   62.23 197.6 
76.40 149.4   69.23 178.3   62.06 200.5 
76.23 170.0   69.06 176.7   61.89 198.0 
76.06 159.2   68.89 156.9   61.73 192.0 
75.89 142.3   68.73 160.8   61.56 186.0 
75.73 152.9   68.56 154.5   61.39 177.4 
75.56 143.9   68.39 132.1   61.23 167.2 
75.39 134.9   68.23 135.9   61.06 157.1 
75.23 140.2   68.06 176.6   60.89 143.9 
75.06 145.5   67.89 132.5   60.73 173.5 
74.89 134.0   67.73 150.3   60.56 228.3 
74.73 132.5   67.56 166.4   60.39 213.6 
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Appendix D (cont.): Pliocene Seasonal P/Ca Data from Siderastrea spp. 
 
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol) 
60.23 166.6   53.06 242.7   45.89 98.9 
60.06 179.1   52.89 321.6   45.72 73.5 
59.89 189.1   52.72 229.9   45.56 72.7 
59.72 249.4   52.56 171.1   45.39 73.2 
59.56 155.1   52.39 161.8   45.22 68.7 
59.39 125.8   52.22 148.2   45.06 60.9 
59.22 128.2   52.06 131.2   44.89 196.7 
59.06 130.7   51.89 119.8   44.72 98.9 
58.89 132.8   51.72 127.1   44.56 151.1 
58.72 134.8   51.56 138.3   44.39 90.3 
58.56 136.8   51.39 121.5   44.22 80.7 
58.39 163.4   51.22 129.1   44.06 171.2 
58.22 185.1   51.06 163.3   43.89 313.6 
58.06 171.7   50.89 167.2   43.72 145.9 
57.89 158.1   50.72 171.1   43.56 102.7 
57.72 173.9   50.56 208.2   43.39 149.4 
57.56 96.0   50.39 203.7   43.22 196.2 
57.39 113.9   50.22 178.3   43.05 178.7 
57.22 113.4   50.06 186.6   42.89 121.3 
57.06 132.2   49.89 163.3   42.72 113.1 
56.89 137.4   49.72 190.3   42.55 110.6 
56.72 143.0   49.56 184.6   42.39 130.9 
56.56 125.8   49.39 146.9   42.22 323.5 
56.39 92.2   49.22 113.1   42.05 203.0 
56.22 116.7   49.06 85.7   41.89 80.0 
56.06 133.3   48.89 71.5   41.72 77.0 
55.89 132.2   48.72 70.9   41.55 73.2 
55.72 108.0   48.56 172.8   41.39 74.0 
55.56 100.7   48.39 191.9   41.22 69.9 
55.39 95.6   48.22 118.8   41.05 66.1 
55.22 103.2   48.06 107.9   40.89 63.1 
55.06 98.1   47.89 97.0   40.72 64.5 
54.89 97.8   47.72 87.9   40.55 78.1 
54.72 104.0   47.56 78.9   40.39 94.9 
54.56 90.3   47.39 127.8   40.22 84.1 
54.39 100.8   47.22 219.5   40.05 74.4 
54.22 142.3   47.06 240.4   39.89 193.1 
54.06 129.9   46.89 169.2   39.72 159.8 
53.89 114.5   46.72 97.9   39.55 87.2 
53.72 150.0   46.56 73.2   39.39 69.8 
53.56 166.5   46.39 86.0   39.22 58.9 
53.39 176.3   46.22 90.2   39.05 63.1 
53.22 196.1   46.06 103.9   38.89 94.3 
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Appendix D (cont.): Pliocene Seasonal P/Ca Data from Siderastrea spp. 
 
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol) 
38.72 93.1   31.55 139.5   24.38 151.2 
38.55 95.2   31.39 127.0   24.22 145.9 
38.39 106.3   31.22 130.8   24.05 142.4 
38.22 84.6   31.05 133.1   23.88 145.3 
38.05 93.4   30.89 134.4   23.72 148.9 
37.89 89.7   30.72 142.1   23.55 211.0 
37.72 77.0   30.55 271.0   23.38 167.2 
37.55 91.7   30.39 343.4   23.22 135.3 
37.39 90.8   30.22 158.5   23.05 165.2 
37.22 81.6   30.05 147.1   22.88 193.0 
37.05 85.2   29.89 166.1   22.72 143.4 
36.89 115.4   29.72 127.6   22.55 193.0 
36.72 148.9   29.55 143.3   22.38 244.5 
36.55 120.6   29.39 135.4   22.22 230.6 
36.39 110.2   29.22 134.9   22.05 216.7 
36.22 107.0   29.05 130.4   21.88 210.6 
36.05 207.9   28.89 157.4   21.72 226.0 
35.89 91.0   28.72 148.2   21.55 304.0 
35.72 96.7   28.55 248.0   21.38 322.3 
35.55 105.6   28.39 192.2   21.22 169.2 
35.39 137.1   28.22 155.4   21.05 136.6 
35.22 90.4   28.05 175.8   20.88 138.6 
35.05 109.1   27.89 206.3   20.72 132.7 
34.89 87.5   27.72 236.8   20.55 138.5 
34.72 88.9   27.55 228.6   20.38 149.3 
34.55 107.9   27.39 211.1   20.22 163.9 
34.39 122.6   27.22 193.6   20.05 126.4 
34.22 110.1   27.05 210.3   19.88 98.0 
34.05 133.3   26.89 240.4   19.72 129.9 
33.89 120.7   26.72 282.5   19.55 150.7 
33.72 90.0   26.55 258.4   19.38 143.7 
33.55 87.0   26.39 219.7   19.22 131.4 
33.39 89.3   26.22 181.0   19.05 131.6 
33.22 95.5   26.05 160.2   18.88 140.3 
33.05 114.6   25.88 172.4   18.72 135.1 
32.89 88.5   25.72 153.3   18.55 134.3 
32.72 88.1   25.55 190.8   18.38 124.1 
32.55 87.3   25.38 196.9   18.22 115.9 
32.39 89.2   25.22 195.9   18.05 156.2 
32.22 90.6   25.05 194.8   17.88 159.4 
32.05 100.9   24.88 193.7   17.72 165.4 
31.89 158.5   24.72 170.9   17.55 163.9 
31.72 211.9   24.55 152.1   17.38 143.4 
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Appendix D (cont.): Pliocene Seasonal P/Ca Data from Siderastrea spp. 
 
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol)   
Relative 
Year 
P/Ca 
(µmol/mol) 
17.22 151.5   10.05 184.4   2.88 137.8 
17.05 159.7   9.88 200.9   2.71 116.9 
16.88 165.3   9.72 227.6   2.55 118.3 
16.72 165.2   9.55 218.3   2.38 136.0 
16.55 165.2   9.38 203.0   2.21 141.6 
16.38 165.1   9.21 186.4   2.05 129.1 
16.22 165.1   9.05 169.9   1.88 100.9 
16.05 161.3   8.88 201.0   1.71 108.6 
15.88 149.7   8.71 293.7   1.55 116.3 
15.72 147.2   8.55 176.1   1.38 130.5 
15.55 164.3   8.38 146.9   1.21 155.7 
15.38 192.2   8.21 216.9     
15.22 242.8   8.05 213.2       
15.05 249.9   7.88 144.4     
14.88 229.7   7.71 170.9       
14.72 172.6   7.55 178.9     
14.55 144.1   7.38 170.2       
14.38 128.3   7.21 141.3     
14.22 126.2   7.05 146.2       
14.05 124.0   6.88 151.2     
13.88 113.3   6.71 156.1       
13.72 110.4   6.55 161.0     
13.55 140.2   6.38 163.0       
13.38 156.5   6.21 160.5     
13.22 206.3   6.05 158.0       
13.05 193.3   5.88 157.4     
12.88 177.2   5.71 159.6       
12.72 181.3   5.55 157.4     
12.55 186.9   5.38 156.1       
12.38 180.8   5.21 160.3     
12.22 174.8   5.05 158.0       
12.05 168.7   4.88 155.8     
11.88 162.7   4.71 171.8       
11.72 156.6   4.55 188.4     
11.55 150.5   4.38 171.1       
11.38 144.5   4.21 153.8     
11.22 138.4   4.05 116.1       
11.05 132.4   3.88 102.1     
10.88 132.3   3.71 121.0       
10.72 142.7   3.55 139.9     
10.55 153.1   3.38 134.4       
10.38 163.6   3.21 96.5     
10.22 174.0   3.05 138.4       
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